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I         Sucrose  phosphate  synthase  (SPS)  expression  in  the  photosynthetic  and  non- 
photosynthetic  tissues  of  maize  was  studied  at  the  RNA,  protein,  and  enzyme  activity 
levels.    A  3.5  Kb  SPS  transcript  v^^as  detected  in  leaves,  and  its  level  was  regulated  by 
developmental  stages  and  by  light/dark  treatments.  Light  treatments  of  etiolated  seedlings 
resulted  in  a  time-dependent  increase  in  the  level  of  SPS  RNA,  and  dark  treatments  on  the 
light-grown  plants  resulted  in  the  opposite  effect.  Light  was  essential  for  the  induction  of 
SPS  expression  in  the  greening  process;  sugars  could  not  replace  light  in  the  induction  of 

SPS  gene  expression  in  leaf  tissue. 

!  : 

!       Light-dependent  induction  of  SPS  expression  was  also  seen  at  the  protein  level. 

Dark  treatments,  however,  showed  no  detectable  effect  on  the  steady  state  level  of  SPS  ' 

! 

protein  in  leaves.  A  similar  insensitivity  of  the  SPS  protein  level  to  dark  treatments  has 
been  reported  in  maize  and  spinach.  SPS  enzyme  activity  increased  by  light  treatments 

!  ;  vi  ■  ■ 


and  decreased  by  dark  treatments.  '  ^ 

SPS  expression  in  non-photosynthetic  tissues  such  as  developing  endosperm, 
developing  embryo,  and  embryo  in  germinating  seeds  was  observed  at  the  RNA,  protein, 
and  enzyme  activity  levels.  SPS  expression  was  detected  predominantly  in  the  basal  1/3 
part  of  the  developing  endosperm.  These  data  confirm  the  previous  report  of  SPS 
transcript  and  protein  in  endosperm.  The  SPS  transcript  in  endosperm  was  slightly  smaller 
than  that  in  leaves,  but  no  difference  in  size  was  seen  at  the  protein  level.  Both  SPS 
enzyme  activity  and  protein  were  observed  in  embryos  of  developing  and  germinating 
kernels.  The  SPS  protein  in  embryos  appeared  to  be  more  susceptible  to  degradation 
during  protein  extraction  than  that  in  leaf  and  endosperm.  In  developing  embryos,  despite 
significant  levels  of  SPS  activity  and  protein,  the  SPS  transcript  was  detectable  only  by 
RT-PCR  or  by  Northern  blot  analyses  of  poly( A)  RNA. 

■  -T 
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Two  groups  of  SPS  genomic  clones,  distinguishable  by  restriction  enzyme  maps, 
were  isolated.  DNA  sequence  analyses  of  the  SPS  genomic  clones  showed  that  one  group 
appeared  to  represent  the  SPS  gene  predominantly  expressed  in  leaf  tissue,  while  the  other 
appeared  to  represent  the  SPS  gene  expressed  at  a  much  higher  level  in  developing 
endosperm  than  in  leaf  tissue.  Both  genes  were  expressed  in  leaf,  endosperm,  and  embryo. 


CHAPTER  1 

;        '  INTRODUCTION 

I  .; 


In  plants,  photosynthetically  fixed  carbon  is  ultimately  converted  into  two  main 
carbohydrate  products,  starch  and  sucrose.  In  leaf  tissue,  starch  is  formed  as  a  temporary 
storage  form  of  fixed  carbon  during  period  of  active  photosynthesis.  During  the 
subsequent  dark  period  it  is  converted  into  sucrose  for  translocation.  In  most  plant 
species,  sucrose  is  the  principle  and  preferred  form  of  sugar  transported  to  various  sink 
tissues,  such  as  roots,  developing  seeds,  and  tubers.  There  has  been  much  speculation  on 
why  sucrose  is  the  transport  form  of  carbon  in  plants  (Pontis,  1978;  Salisbury  and  Ross, 
1978).  A  general  notion  is  that  the  structural  stability  of  sucrose  is  advantageous  for 
transport  because  its  nonreducing  structural  configuration  is  protected  from  enzyme  attack 
(e.g.,  various  oxidases).  In  addition,  the  solubility  of  sucrose  is  very  high  (179  g/100  ml, 
0°C),  and  many  biological  activities  are  not  affected  by  sucrose  even  at  high 
concentrations.  Sucrose  is  also  considered  to  act  as  regulatory  signals  to  regulate  gene 
expression.  The  transcription  of  many  photosynthesis-related  genes  is  repressed  by 
sucrose,  and  this  metabolic  repression  by  sucrose  overrides  other  forms  of  regulation,  such 
as  light  and  developmental  stage  (Sheen,  1990).  Sucrose  also  reduces  the  steady  state 
levels  of  amylase  mRNA  in  rice  (Huang  et  al.,  1993),  sucrose  synthase  1  (Shi)  mRNA  in 

I    :      ■ .  , 


maize  (Koch  et  al.,  1992)  and  SPS  mRNA  in  spinach  (Hesse  et  al.,  1995).  However,  the 
question  -"How  does  sucrose  participate  in  metabolite  signal  transduction?"  remains  to  be 
answered. 

1        During  photosynthesis,  sucrose  is  produced  in  the  leaf  cytoplasm.  Most  of  the 
fixed  carbon  in  the  chloroplast  is  exported  as  triose  phosphate  to  the  cytosol.  The  triose 
phosphate  is  converted  to  hexose  phosphate  and  ultimately  to  sucrose,  releasing  inorganic 
phosphate  which  returns  to  the  chloroplast  to  allow  further  photosynthesis.  Then,  sucrose 
is  temporarily  stored  in  the  vacuole  or  exported  via  the  phloem  to  the  sink, 
j  Sucrose  phosphate  synthase  (SPS,  EC  2.3. 1 . 14)  is  a  key  enzyme  of  sucrose 

synthesis  in  plants.  It  catalyzes  the  following  reaction:  Fructose  6-phosphate  +  UDP- 
glucose  <->  sucrose  phosphate  +  UDP.  Ultimately  sucrose  is  synthesized  through 
removal  of  a  phosphate  group  from  sucrose-P  by  sucrose  phosphate  phosphatase 
(SPPase).  SPS  is  localized  in  the  leaf  cytosol  and  is  believed  to  constitute  a  rate  limiting 
step  that  controls  the  flux  of  carbon  into  sucrose.  The  decisive  role  of  SPS  in  carbon 
partitioning  has  been  demonstrated  by  molecular  genetic  manipulation.  The 
overexpression  of  maize  SPS  gene  in  tomato  leaves  has  led  to  reduced  levels  of  leaf  starch 
and  increased  levels  of  sucrose  (Worrell  et  al,  1991),  suggesting  that  carbon-partitioning 
has  been  altered  in  favor  of  sucrose  synthesis.  On  the  other  hand,  potato  plants  \ 
transformed  with  an  SPS-antisense  cDNA  under  the  control  of  the  35S-CaMV  promoter 
show  reduced  SPS  expression  at  RNA,  protein  and  enzyme  activity  levels;  these  reduced 
levels  of  SPS  expression  result  in  the  alteration  of  carbon-partitioning  in  favor  of  starch 
synthesis  (Geigenberger  et  al. ,  1 995). 


SPS  is  also  present  in  non-photosynthetic  tissues,  where  it  contributes  to  several 
important  processes  including  the  mobilization  of  nutrients  in  germinating  seeds  and 
sprouting  potato  tubers  (Hawker,  1985),  accumulation  of  sucrose  as  cyroprotectant  and 
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osmolyte  in  potato  tuber  (Geigenberger  et  al.,  1995),  accumulation  of  sucrose  as  the  main 
form  of  soluble  carbohydrate  storage  in  the  tap  roots  of  sugar  beet  (Kursanov,  1974;  Fieuw 
and  Willenbrink,  1990),  and  modulation  of  sucrose  import  and  degradation  via  futile 
cycles  in  cotyledons  of  Ricinus  communis  L  (Geigenberger  and  Stitt,  1991). 

1  Much  work  has  been  done  on  the  regulation  of  SPS  at  enzyme  activity  level.  The 

activity  of  maize  SPS  in  leaves  is  regulated  by  a  metabolic  fine  control  and  a  coarse 
control.  The  fine  control,  which  is  relatively  fast  and  precise,  is  exerted  by  metabolic  • 
effectors  such  as  glucose-6-phosphate  (Glc6P,  an  activator)  and  Pi  (an  inhibitor)  which 
bind  at  the  regulatory  sites  of  the  enzyme  (Doehlert  and  Huber,  1983).  The  fine  control 
provides  a  rapid  adjustment  of  SPS  activity  to  the  rate  of  photosynthesis,  because  elevated 
level  of  Glc6P  through  photosynthesis  and  following  fiuctose-l,  6-bis  phosphatase  (Fru-1, 
6-bisPase)  reaction,  increases  the  Glc6P/Pi  ratio.  The  increased  level  of  Glc6P  stimulates 
SPS  activity.  The  relatively  slower  coarse  control  is  exerted  by  protein  modification.  The 
change  of  SPS  activity  by  light/dark  transition  is  the  well  analyzed  coarse  control.  In  the 
presence  of  light,  SPS  is  activated  by  dephosphorylation  catalyzed  by  a  type  2A  protein 
phosphatase  (Huber  et  al.,  1989a;  Huber  and  Huber,  1991).  In  the  dark,  SPS  is  inactivated 
by  phosphorylation  catalyzed  by  a  protein  kinase  (Huber  et  al.,  1989a;  Huber  and  Huber, 
1991).  Phosphorylation  occurs  at  multiple  serine  residues,  but  only  a  few  sites  are 
considered  to  be  involved  in  the  regulation  ofactivity  (Huber  and  Huber,  1992a;  Huber 


and  Huber,  1992b).  The  major  regulatory  phosphorylation  sites  are  Ser-158  in  spinach 
SPS  and  Ser-162  in  maize  SPS  (Huber  et  al.,  1995).  Phosphorylation  of  the  SPS  protein 
also  alters  its  immunological  specificity  (Weiner,  1995).  However,  the  fine  control  and 
the  coarse  control  are  related  to  each  other.  Glc6P,  an  activator  of  SPS,  inhibits  the 
protein  kinase  activity  which  phosphorylates  and  inactivates  SPS  in  the  dark.  Also 
cytosolic  Pi,  an  inhibitor,  inactivates  SPS  phosphatase  which  dephosphorylates  and 

I 

activates  SPS  in  light.  It  is  known  that  SPS  in  potato  tuber  is  also  regulated  via 
metabolites  and  protein  phosphorylation,  in  a  manner  similar  to  the  regulation  of  SPS  in 

'i 

leaf  (Reimholz  et  al.  1994). 

There  are  two  types  of  photosynthetic  cells  in  C4  plants,  mesophyll  (M)  and  bundle 
sheath  (BS)  cells.  Although  BS  cells  and  M  cells  are  metabolically  coupled,  the  Calvin 
cycle  reactions  are  unique  to  BS  cells.  Similarly,  transitory  starch,  which  is  a  major  source 
of  sucrose  during  nonphotosynthetic  periods,  is  predominantly  localized  in  the  BS  cells  of 
the  maize  leaf  (Downton  and  Hawker,  1973;  Furbank  et  al.,  1985;  see  review:  Preiss, 
1988).  SPS  is  believed  to  play  a  critical  role  in  carbon-partitioning  by  coupling  Calvin 
cycle  and  starch  turnover  reactions  in  chloroplasts  with  the  cytosolic  reactions  in  both 
photosynthetic  and  in  nonphotosynthetic  environments.    SPS  activity  has  been  detected  in 
mesophyll  (M)  cells  as  well  as  in  bundle  sheath  (BS)  cells  (Ohsugi  and  Huber,  1987).  SPS 
activity  in  M  cells  is  regulated  by  the  day/night  cycle.  SPS  activity  in  BS  cells  increases  in 
proportion  to  the  level  of  starch  content  in  BS  cells.  Therefore,  It  is  suggested  that  SPS  in 
BS  cells  is  engaged  in  sucrose  biosynthesis  through  starch  turnover  reactions  (Ohsugi  and 
Huber,  1987). 


1  At  the  molecular  level,  SPS  cDNAs  have  been  cloned  from  leaves  in  maize 

(Worrell  et  al.,  1991),  spinach  (Klein  et  al.,  1993),  sugar  beet  (Hesse  et  al.,  1995),  rice 
(Sakamoto  et  al.,  1995)  and  potato  tuber  (Sunneward  et  al.,  unpublished).  In  maize,  the 
3,509  bp  cDNA  contains  one  large  open  reading  frame  with  a  coding  region  of  3,204  bp, 
which  encodes  a  1,068  amino  acid  polypeptide  (Worrell  et  al.,  1991).  The  leaf  SPS  cDNA 
was  successfully  expressed  in  E.  coli  and  in  transgenic  plants  (Worrell  et  al.,  1991).  The 
cDNA  clone  expressed  in  E.  coli  shows  high  enzyme  activity;  thus,  one  type  of  subunit  is 
sufficient  to  assemble  an  active  SPS  enzyme.  SPS  in  vivo  is  considered  to  be  dimer  or 
tetramer  (Bruneau  et  al.,  1991).  The  rice  SPS  cDNA  contains  a  3,252  bp  open  reading 
frame  which  encodes  1,084  amino  acid  residues  (Sakamoto  et  al.,  1995).  The  rice  and 
maize  SPS  cDNAs  share  82%  nucleotide  sequence  and  84%  deduced  amino  acid  sequence 
identities  (Sakamoto  et  al.,  1995).  In  spinach,  the  cDNA  clone  and  the  polypeptide  are 
3,530  bp  and  1 1 7  kD,  respectively,  and  the  deduced  amino  acid  sequence  of  spinach  SPS 
cDNA  shows  54%  identity  with  that  of  the  maize  leaf  SPS  cDNA  (Klein  et  al.,  1993).  In 
sugar  beet,  a  3,635  bp  cDNA  encodes  a  1 1 8  kD  polypeptide,  and  its  amino  acid  sequence 
has  71%  and  77%  identity  with  the  maize  and  spinach  SPS  polypeptides,  respectively 
(Hesse  et  al.,  1995).  The  highest  amino  acid  sequence  similarity  has  been  observed  in  the 
region  of  the  substrate  binding  sites  and  the  enzyme  activity  modification  sites  by 

kinase/phosphatase  in  all  SPS  cDNAs  known  (Sakamoto  et  al.,  1995). 

■J 

!      Little  is  known  about  the  regulation  of  SPS  gene  expression.  In  spinach,  SPS 
expression  is  developmentally  regulated  at  the  steady  state  level  of  protein.  As  leaves 
mature  and  become  sources,  the  increase  of  SPS  activity  correlates  with  an  increase  in  SPS 


protein  (Walker  and  Huber,  1989).  A  correlated  effect  of  developmental  stage  on  SPS 
RNA  level  has  been  reported  in  spinach  (Klein  et  al.,  1993).  SPS  RNA  and  protein  have 
been  detected  in  young  and  mature  leaves;  the  increased  accumulation  of  SPS  RNA  and 
protein  coincides  with  the  apparent  transition  of  the  leaf  from  sink  to  source  (Klein  et  al., 
1993).  Additionally  the  levels  of  RNA  and  protein  increase  under  high  irradiance  and 
decrease  under  low  irradiance,  but  the  levels  of  RNA  and  protein  do  not  change  diumally. 
Thus,  diurnal  regulation  of  SPS  activity  is  not  associated  with  protein  or  RNA  levels 
(Klein  et  al.,  1993).  In  contrast  to  diurnal  regulation,  cold  shock  increases  both  the  levels 
of  SPS  protein  and  enzyme  activity  in  spinach,  probably  as  an  adaptive  process  to 
synthesize  cryoprotectant  compounds  to  increase  tolerance  to  freezing  stress  (Guy  et  al., 
1992).  Recently  SPS  expression  in  developing  seeds  of  Viciafava  has  been  studied 
(Weber  et  al.,  1996).  The  steady  state  level  of  SPS  RNA  increases  during  the  prestorage 
phase  and  decreases  during  the  storage  phase  of  seed  development.  Similar  changes  were 
also  seen  in  enzyme  activity.  The  steady  state  level  of  SPS  protein  increases  during  the 
prestorage  phase,  but  it  does  not  decrease  during  the  subsequent  storage  phase.  The  level 
of  SPS  transcript  is  also  upregulated  by  desiccation  and  exogenously  supplied  hexose 
sugars  (Weber  et  al.,  1996). 

j  I   The  structure  of  the  SPS  gene  has  been  investigated  in  rice  (Sakamoto  et  al.,  1995; 
Valdez-Alarcon  et  al.,  1996).  The  rice  SPS  gene  is  localized  to  chromosome  one.  The  two 
groups  interpret  the  genomic  structures  differently.  Sakamoto  et  al.  (1995)  reported  that 
the  rice  SPS  gene  is  composed  of  12  exons  and  1 1  introns,  whereas  Valdes-Alarcon  et  al. 
(1996)  reported  that  the  gene  has  13  exons  and  12  introns.  The  latter  group  interpreted  a 


50  bp  sequence  near  to  the  3'-end  of  the  translation  start  codon  as  an  intron,  while  the 
former  group  interpreted  the  same  sequence  as  a  part  of  the  first  exon.  The  promoter 
region  of  the  rice  SPS  gene  has  a  putative  weak  light-responsive  element  which  implies 

that  the  gene  may  be  light-regulated  (Sakamoto  et  al. ,  1 995). 

I.  . 

■  Despite  the  importance  of  SPS  in  carbon  partitioning  and  the  detailed  biochemical 

studies,  very  little  is  known  about  genetic  aspects  of  SPS  expression  and  regulation.  In 

I 

maize,  the  progress  on  genetic  and  molecular  aspects  of  SPS  expression  is  slow.  The 
primary  objectives  of  this  work  were  to:  ( 1 )  study  regulation  of  SPS  expression  in   ;  V  • 
photosynthetic  tissue  at  the  steady  state  levels  of  SPS  RNA,  protein,  and  enzyme  activity; 
(2)  determine  whether  the  SPS  gene  is  expressed  in  non-photosynthetic  tissues;  and  (3) 
analyze  if  there  is  more  than  one  expressed  gene  in  the  maize  genome. 


CHAPTER  2 

I   '  REGULATION  OF  SPS  GENE  EXPRESSION 

IN  THE  PHOTOS  YNTHETIC  TISSUE  OF  MAIZE 


Introduction 


I  '  Light  is  essential  to  normal  plant  growth  and  development  not  only  as  a  source  of 
1  "  ■.  ■  ■ 

energy  but  also  as  a  signal  regulating  developmental  and  metabolic  processes.  Expression 

of  many  plant  genes  is  regulated  by  light,  especially  genes  involved  in  photosynthesis 

(Thompson  and  White,  1991).  Light  absorbed  through  photoreceptors  can  regulate  gene 

expression  by  several  mechanisms:  change  in  the  rate  of  transcription  initiation,  change  in 

the  stability  of  transcripts,  change  in  the  translation  efficiency,  posttranslational 

modification,  association  with  cofactors,  and  protein  degradation  (Thompson  and  White, 

1991).  SPS  is  one  of  the  most  important  enzymes  regulating  carbon  partitioning,  and  its 

activity  is  up-regulated  by  light  (Sicher  and  Kremer,  1984;  Pollock  and  Housley,  1985). 

The  light-controlled  regulation,  known  also  as  the  coarse  control,  is  mediated  by  protein 

phosphorylation  and  dephosphorylation  (Huber  et  al.,  1989a;  Huber  and  Huber,  1991).  In 

the  light,  SPS  is  activated  by  dephosphorylation.  In  the  dark,  SPS  is  less  activated  by 

phosphorylation.  The  nature  of  light  activation  of  SPS  varies  among  species.  Huber  et  al. 

(1989b)  classified  species  into  three  groups  based  on  the  kinetic  differences  between  the 

light-  and  dark-forms  of  the  enzyme.  For  example,  in  maize  (group  1 )  light  activation 


involves  an  increase  in  Vmax  as  well  as  altered  sensitivity  to  allosteric  effectors,  whereas 
in  spinach  (group  2),  light  activation  does  not  affect  Vmax  but  does  alter  affinity  for  Pi  (an 
inhibitor).  A  third  group  contains  species  such  as  soybean  ^^^ich  does  not  exhibit  rapid 
changes  in  SPS  activity  in  response  to  light-dark  transitions. 

Cloning  of  SPS  cDNA  from  several  plant  species  has  expedited  studies  on  SPS 
expression  at  the  molecular  level.  In  spinach,  the  steady  state  levels  of  both  SPS 
transcript  and  protein  decrease  in  low  irradiance  conditions  and  increase  under  high 
irradiance  conditions.  However,  the  steady  state  levels  of  SPS  mRNA  and  protein  remain 
constant  throughout  day/night  cycles  (Klein  et  al.,  1993).  Therefore,  SPS  gene  expression 
in  spinach  is  regulated  by  prolonged  light/dark  treatments  but  not  by  day/night  cycles.  SPS 
expression  in  spinach  is  also  regulated  by  developmental  stages  (Klein  et  al.,  1993).  An 
examination  of  transcript  and  protein  levels  during  leaf  development  has  shown  that 
activation  of  the  SPS  gene  expression  coincides  with  the  apparent  transition  from  a  sink  to 
a  source  leaf  and  the  associated  increase  in  photoassimilate  export  capacity  of  the  leaf  in 
spinach  (Klein  et  al.,  1993). 

}       In  maize,  regulation  of  SPS  at  the  gene  expression  level  has  not  been  reported. 
Since  light  is  well-known  as  the  main  signal  regulating  expression  of  many 
photosynthesis-related  genes  and  because  expression  of  the  SPS  gene  in  spinach  is  also 
regulated  by  light,  I  assumed  light  should  affect  the  expression  of  the  SPS  gene  in  maize. 
In  the  present  study,  I  conducted  experiments  to  understand  various  modes  of  regulation  of 

SPS  gene  expression  using  normal  day/night-simulated  and  prolonged  light/dark 
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treatments.  In  addition,  SPS  gene  expression  was  also  analyzed  during  leaf  development 


and  during  anaerobic  stress. 

Materials  and  Methods 
Plant  materials  and  growth  conditions 

I 

!  Unless  stated  otherwise,  all  maize  lines  used  in  this  study  were  inbred  stock, 

Pioneer  3 165.  Seeds  were  germinated  and  grown  either  in  a  glasshouse  or  a  growth 

■I 

chamber;  the  temperature  was  maintained  between  28-32°C  in  the  former,  and  at  BO^C  in 
the  latter.  The  glasshouse  plants  were  grown  in  a  normal  diurnal  (light/dark)  environment, 

I 

whereas  plants  in  the  growth  chamber  were  maintained  at  a  12/12  hour  day/night  regime 
(irradiance  400  pimol  m^.  s"').  The  leaf  samples  referred  to  here  as  young  and  mature 
leaves  were  harvested  from  7-10  day  old  seedlings  and  4-6  week  old  plants,  respectively. 
The  harvested  leaves  were  frozen  immediately  in  liquid     and  stored  at  -80°C  for  use  in 
biochemical  and  molecular  analyses.  .  ■  ' 

Anaerobic  treatment 

Seeds  were  germinated  in  flats  of  vermiculite  and  grown  for  seven  to  eight  days  in 
the  glasshouse.  Seedlings  were  removed  from  vermiculite  and  submerged  in  10  mM  Tris- 
HCl  (pH  7.5)  for  16  hours.  The  control  seedlings  were  left  in  vermiculite  for  the  duration 
of  experiment.  Following  anaerobic  treatment,  seedlings  were  frozen  in  liquid  nitrogen 
and  stored  at -80°C.  ; 
Sugar  treatment  ' 

;      Seeds  were  germinated  in  flats  of  vermiculite  and  grown  for  6-7  days  in  a  dark 
growth  chamber.  Whole  seedlings  were  removed  from  vermiculite  and  rinsed  with 


deionized  water.  Sugar  treatments  were  done  by  immersing  the  roots  of  seedlings  in  MS 
salt  (Murashige  and  Skoog,  1962)  supplemented  with  2%  sucrose,  fructose,  or  glucose  for 
24  hours.  Control  seedlings  were  treated  with  MS  salt  without  sugar.  Following 
treatment,  seedlings  were  frozen  in  liquid  nitrogen  and  stored  at  -SOX. 
SPS  protein  expression  in  E.  coli  and  isolation  of  polyclonal  antibodies 

!  A  SPS  cDNA  insert  representing  the  complete  SPS  reading  frame  was  prepared  by 
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restricting  the  maize  leaf  SPS  cDNA  plasmid,  pCGN  3807  (Worrell  et  al,  1991)  with 
BamHI  and  EcoRI.  The  restriction  site  of  BamHI  is  at  four  bp  in  front  of  translation  start 
site  and  the  restriction  site  of  EcoRI  is  at  181  bp  downstream  from  the  translation  stop 
codon.  The  cDNA  insert  was  subcloned  into  the  T7  RNA  polymerase  based  expression 
vector,  pET  17b  (Novagen,  Madison,  WI).  The  fusion  protein  was  predicted  to  contain  the 
21  N-terminal  amino  acids  from  p-galactosidase  fiised  to  the  complete  SPS  polypeptide 
(one  amino  acid  from  5'  untranslated  region  and  1,068  amino  acid  residues  from  the 
reading  frame).  SPS  fusion  protein  was  expressed  in  the  bacterial  strain  BL21  (DE3) 
which  contains  the  T7  RNA  polymerase  gene  under  the  control  of  the  lacUVS  promoter 
(Studier  and  Moffatt,  1986).  Cells  transformed  with  the  expression  plasmids  were  grown 
at  37°C  in  Luria  Broth  with  100  ^g/ml  ampicillin.  The  cells  were  grown  to  an  A^oo  of  0.5. 
For  the  induction  of  fusion  protein,  Isopropyl-p-o-thiogalactoside  (IPTG)  was  added  to  the 
culture  at  a  final  concentration  of  0.4  mM  and  cells  were  grown  for  additional  two  hours. 

1      Total  proteins  were  extracted  by  the  cell  wall  lysis  method  (Maniatis  et  al.,  1982). 
Briefly,  induced  cells  were  harvested  by  centrifiigation  and  resupended  in  TE  buffer  (50 
mM  Tris-HCl  (pH  8.0),  2  mM  Na^EDTA).  Cells  were  frozen  and  then  thawed  on  ice. 
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Lysozyme  was  added  to  a  final  concentration  of  0.2  mg/ml,  and  this  cell  suspension  was 
incubated  on  ice  for  20  minutes.  The  lysate  was  centrifuged  at  12,000g,  and  the  pellet  was 
dissolved  in  protein  extraction  buffer  (60  mM  Tris,  2%  SDS,  10%  glycerol,  5% 
mercaptoethanol).  The  resuspended  sample  was  used  for  gel  analyses.  The  SPS 
expression  was  confirmed  by  sodium  dodecylsulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE)  and  Western  blot  analyses.  Polyclonal  maize  SPS  antibodies  (supplied  by 
Dr.  Tony  Voelker,  Calgene  Inc.,  Davis,  CA)  allowed  the  identification  of  the  fusion 
protein  containing  the  SPS  polypeptide.  After  confirming  SPS  expression  in  E.  coli,  the 
SPS  polypeptide  was  enriched  by  a  preparatory  SDS-PAGE,  and  electroelution  using  a 
BioRad  electroeluter  (BioRad,  Hercules,  CA).  The  enriched  protein  was  used  to  generate 
polyclonal  antibodies  in  rabbits. 
RNA  isolation  and  Northern  blot  analv^ifis 

;        Total  RNA  was  isolated  according  to  the  method  of  Wadsworth  et  al.  (1988). 
Plant  sample  (5  g)  was  ground  to  a  fine  powder  under  liquid  Nj  in  a  precooled  mortar  with 
pestle  and  homogenized  with  RNA  extraction  buffer  containing  0. 1  M  Tris  (pH  9),  0.2  M 
NaCl,  5  mM  dithiothreitol  (DTT),  1%  (w/v)  sarkosyl  ionic  detergent  and  20  mM 
NazEDTA.  Cell  debris  was  removed  by  centrifugation  (3,000g),  and  the  supernatant  was 
extracted  with  equal  volumes  of  phenol/chloroform  and  chloroform  treatments.  The  final 
aqueous  fraction  was  transferred  to  a  sterile  tube  and  LiCl  was  added  to  a  2  M  final 
concentration.  The  sample  was  stored  at  4  °C  for  a  minimum  of  two  hours,  and 

centrifuged  at  10,000g,  for  10  minutes  at  4°C.  The  RNA  pellet  was  rinsed  with  2  M  LiCl, 

j 

and  resuspended  in  sterile  water.  The  RNA  was  reprecipitated  by  adding  2.5  volume  (v/v) 
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of  ethanol  into  the  resuspension,  and  later  collected  by  centrifugation  (10,000g,  10  min). 
Finally,  the  RNA  pellet  was  washed  with  70%  ethanol  and  dissolved  in  sterile  water. 
Purity  of  the  RNA  was  checked  by  measuring  absorption  at  260  and  280  nm  and  the 
absorption  at  260  nm  was  used  for  quantification. 

The  method  of  Poly(A)  mRNA  isolation  was  adapted  from  Maniatis  et  al.  (1982) 
and  the  manufacturer's  instructions  provided  with  the  oligo(dT)-cellulose  (Gibco/BRL, 
Bethesda,  MD).  Briefly,  the  oligo(dT)-cellulose  column  was  prepared  by  adding  0.5  g  of 
oligo(dT)  powder  dissolved  in  1  ml  of  0. 1  M  NaOH  into  a  1 .5  ml  disposable  column 
plugged  with  silanized  glass  wool.  The  column  was  washed  in  succession  with  water,  a 
solution  of  5  M  NaOH,  followed  by  water  (until  the  pH  of  the  eluate  becomes  7.5),  and 
later  equilibrated  with  25  column-volumes  of  binding  buffer  (see  below).  Total  RNA  was 
dissolved  in  binding  buffer  and  heated  at  65°C  for  five  minutes  to  reduce  secondary 
structure.  The  sample  was  applied  to  the  column  and  washed  with  Wash  buffer.  Bound 
RNA  was  eluted  with  elution  buffer  and  ethanol-precipitated.  The  poly(A)  RNA  pellet 
was  dissolved  in  sterile  water  and  the  RNA  yield  was  calculated  spectrophotometrically. 
Various  solutions  and  buffers  used  in  this  procedure  are  as  follows:  binding  buffer:  0.5  M 
LiCl,  20  mM  Tris-HCl  (pH  7.5),  1  mM  Na^EDTA,  0. 1%  SDS;  wash  buffer:  0. 1  M  LiCl,  20 
mM  Tris-HCl  (pH  7.5),  1  mM  Na^EDTA,  0.1%  SDS;  elution  buffer:  20  mM  Tris-HCl,  1 
mM  NajEDTA,  0.05%  SDS. 

[     For  electrophoresis,  RNA  samples  were  treated  with  7%  glyoxal  and  50%  dimethyl 
sulfoxide,  and  incubated  at  50°C  for  one  hour  (Brown,  1993).  Samples  were  fractionated 
on  a  1.2%  agarose  gel  at  3-5  volts/cm,  using  10  mM  sodium  phosphate  (pH  8)  as  the  gel 
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running  buffer  which  was  circulated  during  electrophoresis.  The  agarose  gel  was 

immediately  blotted  to  a  Nytran  membrane  (Schleicher  &  Schuell,  Keene,  NH)  and  cross- 
linked  with  UV  Stratalinker  (Stratagene,  Menasha,  WI).  The  pre-hybridization  was  carried 
out  in  50  mM  PIPES  (pH  6.5),  100  mM  NaCl,  50  mM  sodium  phosphate,  1  mM  NajEDTA 
and  5%  (w/v)  SDS  solution  for  two  hours  at  65  °C.  The  ^^-labeled  maize  leaf  SPS  cDNA 
probe,  which  was  prepared  using  a  random  primer  kit  (Gibco/BRL,  Bethesda,  MD),  was 
added  to  the  pre-hybridization  mixture  at  a  final  concentration  of  2x10*  d.p.m./ml  and 
hybridized  for  16  hours  at  65°C.  After  hybridization,  the  membrane  was  washed  twice  for 
one  hour  at  65°C  in  5xSSC  (lxSSC=0. 15  M  NaCl,  0.015  M  sodium  citrate)  and  5%  SDS, 
followed  by  two  more  washes  in  0.2x  SSC/5%  SDS  at  65<^C.  After  washing,  the  filters  ' 
were  exposed  to  Kodak  XAR-5  film  for  one  to  six  days  at  -80°C,  with  an  intensifying 
screen. 
Probes 

A  maize  leaf  SPS  cDNA  clone,  pCGN3807,  was  a  gift  fi-om  Dr.  Tony  Voelker 
(Calgene  Inc.,  Davis,  CA).  The  SPS  cDNA  insert  was  isolated  from  a  EcoRl-BamHl 
digest  of  the  plasmid.  Probes  were  prepared  by  ^^-labeling  of  the  insert  using  a  random 
primer  kit  (Gibco/BRL,  Bethesda,  MD).  For  the  5'-specific  probe,  the  full  length  SPS 
cDNA  was  digested  with  HindUI.  Several  DNA  fragments,  including  a  529  bp  fragment 
representing  the  5'-end,  were  produced  (Fig.  2-9A).  The  529  bp  DNA  fragment  was  gel 
purified  and  used  for  '^-labeling.  For  a  3'-specific  probe,  the  same  fiill  length  SPS  cDNA 
was  digested  with  PstI,  and  a  538  bp  cDNA  fragment  which  represents  the  3'-end  (Fig.  2- 
9A),  was  gel  purified.  The  isolated  fragment  was  used  for  ^^-labeling. 
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Protein  extraction  and  Western  blot  analyses 
j  The  protocol  for  protein  extraction  was  adapted  from  Huber  and  Huber  ( 1 99 1 ). 

Briefly,  crude  soluble  protein  extracts  were  prepared  from  either  the  fresh  or  the  frozen 

1         -  .    v.  .       •  ■ 

leaf  samples  by  first  grinding  in  liquid     followed  by  homogenization  in  extraction  buffer 
in  a  ratio  of  1 :4  (g/vol,  young  leaf)  or  1 :8  (mature  leaf).  The  extraction  buffer  was 
composed  of  50  mM  MOPS-NaOH  (pH  7.5),  10  mM  MgClj,  ImM  NajEDTA,  2.5  mM 
DTT  and  0.1%  (w/v)  Triton  X-100  (Huber  and  Huber,  1991).  The  homogenate  was 
centrifuged  at  14,000g  for  1  min  in  a  microfuge.  Protein  concentrations  were  estimated  by 
the  method  of  Lowry  et  al.  (1951).  A  0.25  volume  of  4  x  SDS  extraction  buffer  was 
added  (1  x  SDS  extraction  buffer:  60  mM  Tris,  2%  SDS,  10%  glycerol,  5% 
mercaptoethanol)  to  the  supernatant,  which  was  later  boiled  for  3  minutes.  Protein 
extracts  were  electrophoresed  on  10%  denaturing  polyacrylamide  gels  for  three  to  five 
hours  at  18  W  constant  power.  Protein  blotting  to  nitrocellulose  membrane  was  conducted 
in  the  manner  as  described  by  Towbin  et  al.  (1 979).  Briefly,  electro-transfers  were  run 
for  45  minutes  at  4^C  using  a  transfer  buffer  (25  mM  Tris,  192  mM  Glycine,  20%  v/v 
methanol,  pH  6.5).  Subsequent  to  transfer,  the  blots  were  treated  with  a  blocking  solution 
of  Phosphate-buffer  saline  Tween  20  ( PBS-T:  10  mM  sodium  phosphate,  0.9%  NaCl, 
0.05%  Tween  20,  pH  7.4)  and  5%(w/v)  non-fat  dry  milk  at  room  temperature  for  one 
hour.  Blocking  solution  was  removed  from  the  blots  by  rinsing  with  PBS-T.  The  blots 
were  treated  for  one  hour  with  polyclonal  SPS  antibodies  diluted  1 :2000  in  1%  BSA/PBS- 
T.  The  blots  were  washed  with  PBS-T  and  incubated  in  secondary  antibody  (goat  anti- 
rabbit  IgG  peroxidase)  in  1%  BSA/PBS-T  for  one  hour,  and  rinsed  again  with  PBS-T.  The 
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SPS  polypeptide  was  visualized  using  a  chemiluminescence  kit,  following  the 
manufacturer's  protocol  (Du  Pont  NEN,  Wilmington,  DE). 
Enzyme  assay  , 

1 

Crude  protein  extracts  were  prepared  using  the  same  method  as  for  Western  blots, 
except  small  molecules  such  as  salts,  mono-  and  di-saccharide  sugars  were  removed  using 
Bio-spin  chromatography  columns  (Bio-Rad,  Hercules,  CA)  pre-equilibrated  with 
extraction  buffer  minus  Triton  X-100.  SPS  enzyme  activity  was  assayed  by  the 
measurement  of  sucrose  produced  from  fructose  6-phosphate  (F6P)  plus  UDP-glucose 
(UDPG)  under  Vmax  substrate  condition  (Weiner  et  al.,  1992).  The  reaction  mixture 
contained  50  ^\  of  tissue  extract  with  10  mM  UDPG,  10  mM  F6P,  40  mM  G6P,  50  mM 
MOPS-NaOH  (pH  7.5),  15  mM  MgClj,  2.5  mM  DTT  and  10  mM  hydroquinone  P-d- 
glucopyranoside  (arbutin)  in  a  total  volume  of  100      Arbutin  is  known  to  inhibit  sucrose 
synthase  (D.C.  Doehlert,  personal  communication).  Reactions  were  carried  out  at  25°C 
for  15  min.  All  reactions  were  terminated  by  the  addition  of  100  //I  1  N  NaOH.  The 
unreacted  F6P  was  destroyed  by  placing  reaction  tubes  in  boiling  water  for  10  minutes. 
The  sucrose  formed  was  measured  according  to  Roe  (1934).  " 
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Results 

SPS  protein  expression  in  E.  coli  and  isolation  of  polyclonal  antibodies 
!   \  Figure  2-1  represents  a  Coomassie  blue-stained  gel  (lane  1  and  2)  and  an  SPS 
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Western  blot  (lane  3  to  5)  of  the  crude  protein  extract  from  maize  leaves  (lane  3),  and  total 
protein  extracts  from  induced  (lane  2  and  5)  and  uninduced  E.  coli  cells  transformed  with 


the  SPS  expression  plasmid  (lane  1  and  4).  The  induced  cells  showed  a  -120  kD 
polypeptide  which  was  slightly  smaller  than  the  leaf  SPS  protein  (lane  2  and  5). 
The  uninduced  control  cells  did  not  show  this  polypeptide  (lane  1  and  4).  The  SPS 
polyclonal  antibodies  (supplied  by  Dr.  Tony  Voelker)  reacted  with  the  -120  kD 
polypeptide  and  other  smaller  polypeptides  in  both  the  induced  and  uninduced  cells  (lane  3 
and  4).  Thus,  the  SPS  antibodies  cross-reacted  with  some  of  E.  coli  proteins.  Other 
smaller  proteins  in  the  induced  cells,  which  reacted  with  the  SPS  antibodies  may  represent 
degradation  products  of  SPS  fusion  protein.  Among  these  induced  polypeptides  which 
reacted  with  the  SPS  antibodies,  the  -120  kD  polypeptide  showed  the  strongest  SPS 
antigen-antibody  reaction.  In  addition,  this  polypeptide  was  similar  in  size  to  the  expected 
fusion  protein.  Therefore,  this  polypeptide  was  enriched  by  a  preparatory  SDS-PAGE,  and 
electro-eluted  as  described  in  Materials  and  Methods.  The  enriched  protein  was  used  to 
generate  polyclonal  antibodies  in  rabbits. 

Figure  2-2  represents  an  SPS  Western  blot  based  on  a  range  of  dilutions  of  SPS 
polyclonal  antibodies  which  were  generated  using  the  -120  kD  fusion  protein  as  an 
antigen.  Serial  dilutions  of  the  antibodies  were  done  to  determine  the  concentration  of 
antibodies  which  can  show  the  optimum  SPS-specific  antigen-antibody  reaction.  Two 
hundred  fifty  times  dilution  showed  a  strong  signal  of  SPS-specific  antigen-antibody 
reaction.  However,  SPS  antibodies  at  this  dilution  also  reacted  with  other  proteins  non- 
specifically.  Further  dilution  (1:500,  1:  1000)  showed  a  strong  signal  of  the  SPS-specific 

antigen-antibody  reaction  and  greatly  reduced  levels  of  non-specific  reactions.  Thus,  the 
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SPS  antibodies  were  used  at  a  dilution  of  1 :2000  for  Western  blot  analyses  in  the  present 
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Figure  2- 1 .  Expression  of  SPS  fusion  protein  in  E.  coli 

The  expressed  protein  was  detected  by  Coomassie  blue  staining  (lane  1  and  2)  and 
Western  blot  analysis  (lane  3  to  5). 

Lane  1  and  4,  total  water-insoluble  protein  extracts  from  uninduced  cells  (10  //g). 
Lane  2  and  5,  the  same  protein  extracts  from  induced  cells  (10 
Lane  3,  total  soluble  protein  extract  from  mature  green  leaf  (100 


Dilution 
1:250 


1:500  1:1000 


Figure  2-2.  The  specificity  of  SPS  polyclonal  antibodies. 

The  polyclonal  antibodies  raised  against  the  SPS  protein  expressed  in  E.  coli  were  diluted 
as  shown  above,  and  used  for  detection  of  the  SPS  antigen.  Each  lane  was  loaded  with 
100  /L^g  of  maize  leaf  soluble  protein  extract. 


study. 

SPS  expression  was  regulated  at  the  RNA  level 
>  Figure  2-3  represents  an  RNA  blot  showing  SPS  transcripts  in  total  and  poly(A) 

RNAs  extracted  from  leaves  of  mature  plants  and  young  seedlings  grown  in  light  or  dark 
environments.  A  single  hybridizing  fragment,  slightly  larger  than  the  28s  rRNA,  was  seen 
in  leaves  from  young  seedlings  and  mature  plants.  The  estimated  size  of  -3.5  Kb  for  this 
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transcript  in  leaves  from  both  developmental  stages  was  in  agreement  with  Worrell  et  al. 
(1991 ).  Total  RNA  showed  a  greater  abundance  of  SPS  transcript  in  mature  leaves  than  in 
young  leaves.  Etiolated  seedlings  showed  a  greatly  reduced  steady  state  level  of  the 
normal-sized  transcript  (3.5  Kb)  which  was  detectable  only  in  the  poly(A)  enriched 
fractions,  but  not  in  total  RNA  (Fig.  2-3).  There  was,  however,  a  smaller  transcript,  -2.9 
Kb,  in  the  total  RNA,  but  not  in  poly(A)  RNA  from  etiolated  samples  (Fig.  2-3). 
Therefore,  the  2.9  Kb  transcript  did  not  have  poly(A)  tail. 

I      Figure  2-4  represents  an  RNA  blot  showing  total  RNA  from  plants  subjected  to  light 
(Fig  2-4A)  and  dark  (Fig  2-4B)  treatments.  The  transfer  of  etiolated  seedlings  to 
uninterrupted  lighted  environments  of  12, 24,  and  48  hour  durations  led  to  a  gradual 
increase  in  the  steady-state  level  of  the  normal-sized  transcript.  Conversely,  the  steady- 
state  level  of  SPS  RNA  declined  when  light-grown  mature  plants  and  seedlings  were 
transferred  to  continuous  dark  environments,  for  12, 24,  and  48  hour  durations  (Fig.  2- 
4B).  The  steady  state  level  of  SPS  RNA  was  regulated  not  only  by  prolonged  light/dark 
treatments  but  also  by  normal  diurnal  cycles  (Fig.  2-5).  At  six  hour  intervals,  total  RNAs 
were  extracted  from  mature  plants  which  were  grown  in  12h/12h  day/night  cycles.  Six 
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Figure  2-3.  SPS  transcripts  in  young  and  mature  Leaves. 

I 

RNA  gel  blot  showing  SPS-specific  transcripts  in  total  RNAs  (T,  20  jug)  and  poly  (A) 
RNAs  (pA,  1  lug)  from  mature  leaves  (Ml),  young  leaves  from  green  seedlings  (Gs)  and 
etiolated  seedling  leaves  (El).  The  probe  was  the  full  length  maize  leaf  cDNA  insert 
(Worrell  et  al.,  1991). 

The  same  blot  was  hybridized  with  a  maize  rRNA  probe  to  show  rRNA  levels  (lower 
panel)  as  an  internal  control. 
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Figure  2-4.  Photoregulation  of  SPS  expression  at  RNA  level.  •        '  ^ 

(A)  SPS  transcripts  in  20  pig  of  total  RNA  from  in  samples,  as  shown  above  (from  left  to 
right). 

El  (0  h),  dark-grown  etiolated  leaves. 

24  h  and  48  h,  etiolated  seedlings  exposed  to  light  for  24  and  48  hours,  respectively. 
Gs,  leaves  from  green  seedlings;  Ml,  mature  leaves. 

(B)  SPS  transcripts  in  total  RNA  from  mature  leaves  (\0  pig)  and  green  seedling  leaves  (20 
pig)  in  samples  as  shown  (from  left  to  right): 

0  h,  no  dark  treatment;  12  h,  24  h  and  48  h,  dark  treatment  for  12,  24  and  48  hours, 
respectively. 
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Figure  2-5.  Northern  blot  showing  diurnal  regulation  of  the  steady-state  levels  of  SPS 
RNA. 

RNA  was  extracted  from  mature  leaf  adapted  to  12/12  hour  day/night  regime  at  the  time 
points  indicated  above. 

Lane  1,  Total  RNA  {6^g)  from  6  hours  light  treatment. 
Lane  2,  Total  RNA  (20  ^ug)  from  12  hours  light  treatment. 
Lane  3,  Total  RNA  (20  //g)  from  6  hours  dark  treatment. 
Lane  4,  Total  RNA  (20  ^g)  from  12  hours  dark  treatment. 
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hours  of  light  treatment  (lane  1 )  showed  a  lower  steady  state  level  of  SPS  transcript   -  > 
compared  to  the  12  hour  light  treatment  (lane  2).  But  the  amount  of  total  RNA  in  lane  one 
was  approximately  -1/3  of  the  total  RNA  in  lane  two  (see  rRNA  panel  in  Fig.  2-5  to 
compare  loading  levels).  Therefore,  there  was  no  detectable  difference  in  the  levels  of 
SPS  RNA  between  the  six  and  12  hour  light  treatments  (Fig.  2-5,  lane  1  and  2).  However, 
it  was  evident  that  there  was  a  steady  decline  in  the  steady  state  level  of  SPS  RNA  at  6  and 
12  hour  dark  treatments  (Fig.  2-5,  lane  3  and  4). 
,  \         To  study  metabolic  effects  of  sugars  on  the  gene  expression  of  SPS,  dark-grown 
seedlings  were  treated  with  exogenously  supplied  sugars  such  as  glucose,  fructose,  or 
sucrose.  Figure  2-6  represents  a  Northern  blot  showing  SPS  transcript  from  the  seedlings 
treated  with  exogenous  sugars.  As  shown  before  (Fig.  2-3),  the  3.5  Kb  SPS  transcript  was 
present  in  green  seedlings  (Fig.  2-6,  lane  1),  while  this  transcript  was  not  seen  in  etiolated 
seedlings  (lane  2).  The  exogenously  supplied  glucose,  fructose  or  sucrose  did  not  induce 
the  normal-sized  transcript  (3.5  Kb)  from  etiolated  seedlings  (lane  3, 4,  and  5),  but  each 
sugar  treatment  resulted  in  the  increase  of  the  2.9  Kb  transcript  level  (lane  3, 4,  and  5);  the 
2.9  Kb  transcript  was  undetectable  from  etiolated  seedlings  in  this  Northern  blot  analysis 
(Fig.  2-6,  lane  1),  but  it  was  previously  observed  in  total  RNA  from  etiolated  seedlings  by 
Northern  blot  analyses  (Fig.  2-3). 
Characterisation  of  the  small  transcript 

The  2.9  Kb  transcript  was  similar  in  size  to  the  5i«7-encoded  sucrose  synthase  2 
(SS2)  transcript  (McCarty  et  al.,  1986;  Gupta  et  al.,  1988).  Although  there  are  limited 
sequence  similarities  between  the  maize  leaf  SPS  and  several  sucrose  synthase  cDNAs 
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Figure  2-6.  Northern  blot  showing  effects  of  sugars  on  the  level  of  SPS  RNA  in  etiolated 
seedlings. 

i 

Total  RNA  (20  /j.g)  was  loaded  for  each  lane. 

Lane  1,  green  seedlings. 

Lane  2,  etiolated  seedlings  in  MS  salt. 

Lane  3  to  5,  etiolated  seedlings  in  MS  salt  supplied  with  2%  glucose,  2%  fixictose  or  2% 
sucrose,  respectively. 


(Worrell  et  al.,  1991),  the  highest  sequence  identity  between  the  SPS  and  Susl  cDNAs  is 
only  19%  (sequences  corresponding  the  amino  acids  572  to  631  in  SPS  and  659  to  718  in 
SS2),  based  on  computer  database  search.  Consistent  with  these  data,  no  cross- 
hybridization  was  detected  between  two  cDNAs  even  at  low  stringent  wash  (2xSSC,  Fig. 
2-7).  Therefore,  I  concluded  that  the  2.9  Kb  transcript  is  a  shorter  form  of  the  SPS 
transcript.  This  small  transcript  was  also  observed  in  cell  suspension  culture, 
anaerobically  treated  seedlings,  and  a  genetic  strain  of  high  chlorophyll  fluorescent  (hcf. 
Miles,  1982)  mutant  seedlings  (Fig.  2-8).  The  highest  steady  state  level  of  this  transcript 
was  observed  in  the  roots  of  anaerobically  treated  seedlings. 

To  determine  if  the  5  -  or  3'-end  was  truncated  in  the  small  transcript,  a  529  bp  5'- 
and  a  538  bp  3'-specific  probes  from  the  full  length  SPS  cDNA  clone,  pCGN3807,  were 
prepared  (Fig.  2-9A;  see  also  probes  in  Materials  and  Methods).  Figure  2-9  (C,  D)  shows 
the  specificity  of  both  probes.  The  5'-end  probe  hybridized  with  a  529  bp  5'-fragment,  but 
it  did  not  hybridize  with  other  parts  of  the  SPS  cDNA  or  the  vector  DNA  (Fig.  2-9C,  lane 
3).  The  3'-end  probe  also  showed  a  3'-specificity,  and  it  did  not  cross-hybridize  with  other 
DNA  fragments  (Fig.  2-9D,  lane  4).  After  confirming  the  specificity  of  the  5  -  and  3'-end 
probes,  the  RNA  blots  representing  total  RNAs  from  green  seedlings  (Fig.  2-10,  lane  1 
and  3)  and  the  anaerobically  treated  roots  (Fig.  2-10,  lane  2  and  4)  were  hybridized  with 
5'-  and  3'-end  specific  probes.  Both  probes  hybridized  with  the  small  transcript  as  well  as 
the  3.5  Kb  SPS  transcript  (Fig.  2-10).  Therefore,  there  v*^s  no  detectable  deletion  of  the 
5'-  and  the  3'-ends  in  the  2.9  Kb  SPS  RNA. 
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Figiire  2-7.  Southern  blot  to  detect  cross  hybridization  between  SPS  and  Susl  cDNAs. 

A  blot  representing  the  pshDB  (Gupta  et  al.,  1988)  which  contains  -2.5  Kb  Susl  cDNA 
was  probed  with  the  Susl  cDNA  and  the  full  length  SPS  cDNA  probes  to  detect  cross- 
hybridization. 
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Figure  2-8.  Northern  blots  showing  the  2.9  Kb  SPS  transcript. 

Twenty  f^g  of  total  RNA  was  loaded  for  each  lane. 

Lane  1,/jc/mutant. 

Lane  2,  roots  of  green  seedling. 

Lane  3,  roots  of  green  seedlings  kept  in  anaerobic  condition  for  16  hours. 
Lane  4  and  5,  green  seedlings. 
Lane  6,  cell  suspension. 


i 


< 

z 

Q 
u 

at 

N 

a 
B 

c 


4) 

E 
p 


t/2 

u 

a 

u 

'3 


T3 
C 


c 
o 


a. 
u 

a, 


< 

Q 
u 

CO 
CL, 
V5 


CM  ii 

a: 


C3  .5 

N  X 
IS 

E  w 
.2 


e 
o 


< 

Z 

Q 
t) 

cn 
a, 
(/) 

•o 
u 

■*-» 

(Zl 

<U 
00 

E  ^ 

c  > 
o 

-.Si  ts 

-  SP 

00  H 

4> 


to  a: 

C  C 


5 

J3 


05  03 


00  00 


00 


a. 


a 

N 


o 

-a  i" 

•o 

u 
ti 
o 


au  oo  ou 


•o  -o  -o 

JO 


xi 
u 

N 


•1 « 

CO  C 

E  < 


^  .S 
< 

§ 

u 

CL, 
CO 


E  <N 

3    1)  (U  0) 

■£   C  C  C 

Cd  A  03 

tU  J  hJ  -J 

cri 


c 


o 
13 


CO 

o 
3 


00  "O 


c  _ 
-J  H  H 
U  Q 


30 


31 


f.  n 


Probe 

5!  3! 
Lane  12    3  4 

p  ^  p  -3.5  Kb 
*  V  -2.9  Kb 


Figure  2-10.  Detection  of  the  2.9  Kb  SPS  transcript  with  5'-  and  3'-specific  probes. 

Duplicate  RNA  blots  were  probed  with  a  -500  bp  5'-  or  3'-specific  probe. 
Lane  1  and  3,  total  RNA  (20  yug)  from  green  seedlings. 
Lane  2  and  4,  total  RNA  (20  jug)  from  roots  of  anaerobiosis. 


Expression  at  the  protein  level 

Figure  2-1 1  represents  Western  blots  showing  the  SPS  polypeptide  in  the  crude 
extracts  from  young  and  mature  leaf  samples.  Extracts  from  both  developmental  stages 
have  shown  a  single  SPS  polypeptide  of  ~  1 20  kD.  Bruneau  et  al.  (1991 )  have  also 
observed  a  ~  120  kD  polypeptide  in  mature  maize  leaves.  Dark-treated  leaf  samples, 
similar  to  those  analyzed  at  the  RNA  level,  were  also  examined  by  SDS  Western  blot 
analyses.  Whereas  dark  treatments  of  mature  plants  led  to  no  detectable  change  in  the 
level  of  the  SPS  polypeptide,  the  extracts  from  young  seedlings  showed  a  slightly  reduced 
level  of  the  SPS  polypeptide  after  24  and  48  hour  treatments  as  compared  to  plants  without 
such  a  treatment.  The  etiolated  leaves  showed  no  detectable  level  of  the  SPS  protein.  The 
greening  leaves,  however,  showed  an  SPS  protein  which  was  similar  in  size  to  that  in 
mature  leaf  The  SPS  protein  was  in  greater  abundance  in  seedlings  exposed  to  light  for 
48  hours  than  that  for  24  hours  (Fig.  2-11). 

gP§  enzyme  activitv  is  regulated  hv  developmental  stages  and  light/dark  treatments 

Table  2-1  represents  enzyme  activity  in  various  maize  leaf  extracts.  Leaves  from 
green  seedlings  showed  62%  of  the  enzyme  activity  of  mature  leaves  in  terms  of  activity 
per  gram  fresh  weight  of  samples  (gFW).  In  terms  of  specific  activity,  green  seedlings 
leaves  showed  79%  of  the  SPS  activity  of  mature  leaves.  Dark  treatments  led  to  a  steady 
decline  in  enzyme  activity  in  both  mature  and  young  leaves.  In  mature  leaves,  24  and  48 
hour  dark  treatments  caused  a  decline  of  26%  and  52%  in  SPS  activity  (gFW)  respectively, 
when  compared  to  the  control  plants  (no  dark  treatment).  The  decline  of  SPS  activity  in 
mature  leaves  was  slower  in  terms  of  specific  activity;  24  and  48  hour  dark  treatments 
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Figure  2-11.  Western  blot  showing  SPS  polypeptide  in  crude  extracts  of  leaves  from 
plants  exposed  to  light  and  dark  environments. 

Dark  treatments: 

Oh,  no  dark  treatment;  24  and  48h,  dark  treatment  for  24  and  48  hours,  respectively. 
Light  treatments: 

Oh,  no  light  treatment;  24  and  48h,  light  treatment  for  24  and  48  hours,  respectively. 
Total  soluble  protein  extracts  from  one  or  two  mg  of  leaf  tissue  was  loaded  in  mature  leaf 
and  seedling  lanes,  respectively. 
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Table  2-1.     The  effect  of  dark  treatment  on  SPS  activity  in 
maize  leaves. 


Mature  plants        Green  seedlings 


Treatment  nmolSuc^      /umolSuc*"     nmolSuc^  /L^molSuc"" 


Light-grown 

26.5±5. 

2 

44.5±7. 

3 

20. 9±0. 

8 

27.4±1.8 

(0  h  dark) 

100% 

100% 

100% 

100% 

Light-grown 

23.2±3. 

6 

32.7±6. 

9 

15.0±0. 

6 

16.6±2.4 

+  24  h  dark 

87.5% 

73.5% 

71.8% 

60.6% 

Light-grown 

16.1±2. 

1 

21.2±5. 

2 

13.311. 

0 

12.3+1.2 

+  48  h  dark 

60.8% 

47.6% 

63.6% 

44.9% 

a.  mgprotein'-'min"^ 

b.  gFW-^h'i 


Table  2-2.     The  effect  of  light  treatment  on  SPS  activity  on 
dark-grown  seedlings. 


Treatment 

Enzyme 
nmolSuc^ 

activity 
//molSuc" 

Dark-grown 

8.6±1.1 

6.3±1.6 

(0  h  light) 

100% 

100% 

Dark-grown 

12.0±1.4 

13.5±2.6 

+  24  h  light 

140% 

■  214% 

Dark-grown 

18.3±4.4 

16.112.6 

+  48  h  light 

212% 

256% 

a.  mgprotein'^min"" 

b.  gFW-^h-^ 
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showed  only  a  12%  and  39%  decline,  respectively.  A  similar  decline  of  SPS  activity  was 
also  observed  in  green  seedlings  exposed  to  dark  treatments.  The  reduction  of  SPS 
activity  by  dark  treatments  was  in  agreement  with  the  previous  studies  limited  to  a  diurnal 

■'i 

cycle  (Kalt-Torres  and  Huber,  1987,  Kalt-Torres  et  al.,  1987). 

Table  2-2  shows  the  enzyme  activity  in  leaf  extracts  from  etiolated  seedlings,  and 
greening  seedlings  after  24  and  48  hour  light  treatments.  The  etiolated  samples       ■  • 
consistently  yielded  a  low  level  of  residual  SPS  activity  (22%  of  the  green  seedlings)  even 
though  Western  blot  analyses  did  not  show  any  SPS  protein  band  on  such  gels  (Fig.  2-11). 
In  the  greening  process  of  etiolated  seedlings,  the  increase  of  SPS  activity  by  light 
treatments  was  more  rapid  than  the  decline  of  activity  in  dark  treatments.  For  example,  24 
hour  light  treatments  of  etiolated  seedlings  showed  a  two-fold  increase  in  enzyme  activity 
(gFW)  relative  to  the  etiolated  extracts  (Table  2-2),  while  24  hour  dark  treatment  of  green 
seedlings  showed  a  40%  reduction  (Table  2-1). 

Discussion 

SPS  expression  at  RNA  level 

'i  i 

A  -3.5  Kb  SPS  transcript  was  detected  from  both  mature  and  young  green  maize 
leaves.  Total  RNA  from  mature  leaves  showed  much  greater  abundance  of  SPS  transcripts 
than  the  total  RNA  from  young  leaves.  The  presence  of  the  SPS  transcript  in  the  leaves  of 
seven-to-ten  day  old  green  seedlings  was  not  expected  because  seedlings  at  this  stage  are 
known  as  absolute  sinks  which  rely  on  nutrients  from  the  endosperm  (Deleens  et  al., 
1984).  However,  the  presence  of  several  photosynthesis-related  proteins  (Aoyagi  and 


' 

I  -  ■  ; 

i    ,  "  36 

Bassham,  1986)  and  SPS  expression  (in  the  present  study)  in  green  seedlings  provide 
evidence  of  acquisitions  of  a  photosynthetic  competence  and  a  sucrose-source  function. 

SPS  gene  expression  was  regulated  by  light/dark  treatments.  Light  treatments 
induced  a  time-dependent  increase  in  the  steady-state  level  of  SPS  RNA,  while  dark 
treatments  resulted  in  the  opposite  effect.  Furthermore,  the  RNA  level  was  diumally 
regulated.  The  diurnal  change  of  the  RNA  level  was  mainly  due  to  light/dark  transitions, 
not  due  to  circadian  clocks,  because  24  or  48  hour  dark  treatments  of  mature  plants 
showed  much  lower  levels  of  RNA  in  comparison  to  the  control  (Fig  2-4B).  If  the 
circadian  regulation  (endogenous  rhythmicity  of  expression)  is  the  main  mechanism,  24  or 
48  hour  dark  treatments  from  noon  time  in  which  RNA  level  was  higher  than  at  night  will 
show  increased  levels  of  RNA  compared  to  12  hour  dark  treatment.  Whether  these 
alterations  are  due  to  changes  in  the  rate  of  gene  transcription  and/or  differential  stabilities 
of  RNA  remains  to  be  analyzed. 

There  was  a  relatively  long  time-lag  in  the  light  induction  of  the  SPS  gene  (Fig.  2- 
4A).  It  is  supposed  that  light  did  not  affect  the  level  of  SPS  transcript  directly  through 
phytochrome.  Rather,  the  response  is  likely  to  be  indirect  and  dependent  on  other  rapid 
light-responsive  events  prior  to  the  detectable  levels  of  the  transcript  accumulation,  as 
described  in  light-induction  of  phosphoenolpyruvate  carboxylase  (PEPC)  genes  in  maize 
leaf  (Schaffher  and  Sheen,  1992).  However,  light  was  essential  for  the  induction  of  SPS 
expression  in  the  greening  process,  and  sugars  could  not  replace  light  at  least  in  the 
induction  of  the  3.5  Kb  SPS  RNA  from  etiolated  seedlings.  Although  no  attempt  was 
made  to  test  whether  exogenously  supplied  sugars  were  absorbed,  it  is  known  from  a 
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previous  report  (Brouquisse  et  al.,  1991)  that  maize  roots  absorb  the  exogenous  sugars 
supplied  in  the  same  method  as  in  this  experiment.  It  is  clear  that  exogenous  sugar 
participates  in  the  regulation  of  SPS  gene  expression  in  sugar  beet  (Hesse  et  al.,  1995)  and 
bean  (Weber  et  al.,  1996).  But  sugar  itself  was  not  sufficient  as  evidenced  from  the  lack  of 
the  induction  of  the  3.5  Kb  SPS  mRNA.  Rather,  the  induction  of  SPS  expression  in  the 
greening  process  is  likely  to  be  related  to  the  gaining  of  photosynthetic  competence. 
Another  possible  explanation  is  that  exogenous  sugars  may  inhibit  SPS  expression  in  leaf 
because  leaf  may  fail  to  develop  as  a  sucrose-source. 

i 

Characterization  of  2.9  Kb  SPS  transcript. 

I       A  -2.9  Kb  SPS  transcript  was  observed  in  etiolated  seedlings,  cell  suspension  culture, 
Ac/mutant,  and  anaerobically  treated  roots.  Although  a  possibility  that  the  2.9  Kb 
transcript  is  a  degradation  product  can  not  be  ruled  out,  it  is  not  likely  to  be  a  degradation 
product  because  the  normal  roots  (control;  aerobic  roots)  did  not  show  normal-  or  smaller- 
size  transcripts,  while  the  anaerobic  roots  showed  the  smaller  RNA.  Thus,  it  is  supposed 
that  this  smaller  transcript  was  a  de  novo  transcript  induced  by  certain  environmental 
stresses  as  well  as  by  dysftmctional  photosynthesis.  The  2.9  Kb  RNA  was  capable  of 
hybridization  with  -500  bp  probes  representing  the  5'-  and  3'-ends  of  the  normal-sized  SPS 
cDNA,  suggesting  that  it  did  not  lose  the  consecutive  500  base  5  -  or  3'-regions.  This 
transcript  may  be  lacking  some  of  interior  regions  by  alternative  splicing  or  by  some 
unknown  molecular  mechanisms.  For  example,  the  phenylalanine  ammonia-lyase  (PAL) 
gene,  which  is  one  of  the  plant  defense  genes  in  tomato,  expresses  two  sizes  of  transcripts 
by  utilizing  different  transcription  initiation  sites  (Lee  et  al.,  1994).  Transcription  of  the 


shorter  RNA  is  strongly  induced  by  infection  and  wounding,  whereas  the  longer  RNA  is 
constitutively  expressed.  The  excision  of  an  exon  in  the  middle  of  the  gene  by  alternative 
splicing  is  known  in  the  lamin  A/C  gene  in  human  (Machiels  et  al.,  1996). 
SPS  expression  at  protein  level 

The  SPS  protein  was  not  detectable  from  etiolated  seedlings  by  Western  blots.  The 
level  of  SPS  protein,  however,  increased  depending  on  the  duration  of  light  treatment 
when  etiolated  seedlings  were  subjected  to  uninterrupted  light.  In  contrast,  the  level  of 
SPS  protein  was  almost  constant  when  plants  adapted  to  normal  diurnal  cycles  were 
subjected  to  dark  treatments.  These  observations  suggest  that  SPS  protein  synthesis  might 
be  rapidly  induced  when  dark-grown  seedlings  are  exposed  to  light,  but  already 
synthesized  protein  is  stable.  Thus,  regulation  at  the  protein  level  in  green  plants  was  less 
sensitive  to  the  light/dark  treatments,  while  SPS  expression  at  the  RNA  and  enzyme 
activity  levels  was  more  sensitive  to  light/dark  treatments.  Bruneau  et  al.  (1991 )  have 
also  reported  a  constant  level  of  SPS  protein  during  day/night  cycles.  Jiao  et  al.  (1991) 
reported  that  cycloheximide  (an  inhibitor  of  cytoplasmic  protein  synthesis)  treatment  of 
detached  maize  leaves  does  not  influence  the  light  activation  of  SPS  activity.  The  steady 
state  level  of  SPS  protein  in  developing  seed  of  bean  is  relatively  constant,  while  levels  of 
SPS  transcripts  and  enzyme  activity  fluctuate  during  development  (Weber  et  al.,  1996). 
Collectively,  these  studies  suggest  that  SPS  expression  by  light/dark  treatments  is 
predominantly  regulated  at  enzyme  activity  and  RNA  levels  but  not  at  protein  level. 
Forsthoefel  et  al.  (1995)  observed  a  similar  regulation  mode  in  the  enolase  of  ice  plants. 
The  steady  state  levels  of  enolase  transcript  and  enzyme  activity  increase  in  the  root  tissue 
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of  ice  plants  when  plants  are  exposed  to  salt  or  anaerobic  stresses.  The  steady  state  level 
of  protein,  however,  remains  constant  during  stresses. 
SPS  expression  at  enzvme  activity  level 

The  biochemical  mode  of  changes  in  SPS  activity  due  to  light/dark  is  well 
analyzed  in  maize  (Huber  and  Huber,  1991).  The  enzyme  exists  in  phosphorylated  or 
dephosphorylated  forms-the  latter  being  the  more  active  form  in  light-adapted  plants.  In 
the  present  study,  the  changes  in  SPS  activity  due  to  light/dark  treatments  were  also 
observed.  There  was  a  decline  in  SPS  activity  in  both  mature  plants  and  young  seedlings 
exposed  to  the  dark  in  a  time-dependent  fashion.  However,  leaves  from  plants  exposed  to 
a  dark  environment  for  48  hours  still  retained  -50%  of  the  enzyme  activity  of  the  light- 
adapted  control  plants.  Presumably,  phosphorylation  of  SPS  may  not  completely 
inactivate  enzyme  activity;  SPS  is  still  needed  even  in  the  prolonged  dark  period  for  the 
utilization  of  temporary  stored  starch  in  bundle  sheath  cells  in  order  to  provide  carbon  and 
energy  to  sink  tissues  (Ohsugi  and  Huber,  1 987). 

SPS  activity  in  young  leaves  was  approximately  -80%  of  that  in  mature  leaf,  in 
terms  of  specific  activity.  In  terms  of  gFW,  young  leaves  showed  only  -60%  of  the  SPS 
activity  of  the  mature  leaves.  This  observation  suggests  that  the  ratio  of  SPS  protein  to 
total  protein  might  be  slightly  higher  in  mature  leaves  than  in  young  leaves,  but  mature 
leaves  might  have  higher  level  of  total  protein  per  fresh  weight  of  tissue  than  green 
seedlings.  Practically  the  level  of  total  soluble  protein  extracts  from  mature  leaves  was 
-2.5  times  higher  than  the  level  of  total  protein  in  seedlings  (data  not  shown). 

It  is  intriguing  that  the  detection  of  SPS  expression  in  etiolated  leaves  by  enzyme 


i  ^40 
assay  was  not  detectable  by  Western  blot  analyses.  Such  a  discrepancy  may  be  attributable 
in  part  to  the  relative  insensitivity  of  Western  blot  in  comparison  to  enzyme  assay.  SPS  in 
etiolated  seedlings  may  also  be  a  more  active  form  of  the  enzyme.  Thus,  a  low  level  of 
SPS  protein  which  was  not  detectable  by  Western  blot  analysis  may  show  a  significant 

■*         ■   -       '■  f  ' 

level  of  enzyme  activity.  ■  . 
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CHAPTERS 

SPS  EXPRESSION  IN  NON-PHOTOSYNTHETIC  TISSUES 
(DEVELOPING  ENDOSPERM,  EMBRYO  AND  GERMINATING  EMBRYO) 


V.  i^. 


SPS  exists  in  photosynthetic  tissues  and  non-photosynthetic  plant  tissues.  SPS  is 


generally  believed  to  be  the  enzyme  responsible  for  sucrose  synthesis  in  photosynthetic 
and  non-photosynthetic  tissues  of  plants  (see  review,  Huber  and  Huber,  1996).  Sucrose  in 
non-photosynthetic  tissues  is  involved  in  several  physiological  processes.  In  germinating 
seeds  of  cereals  and  sprouting  potato  tubers,  sucrose  is  considered  to  be  the  main 
translocation  form  of  carbohydrates  (Edelman  et  al.,  1959;  Nomura  and  Akazawa,  1974; 
Hawker,  1985;  Lunn  and  ap  Rees,  1990).  Sucrose  is  also  the  main  metabolite  whose 

concentration  is  assumed  to  be  regulated  by  the  futile  cycle  in  sink  tissues  (Dancer  et  al., 

1  i 

1990,  Geigenberger  and  Stitt,  1991).  In  storage  tissues  such  as  the  tap  roots  of  sugar  beet, 
sucrose  is  the  primary  storage  form  of  carbohydrates  (Kursanov,  1974;  Fieuw  and 
Willenbrink,  1990).  Sucrose  also  accumulates  in  ripening  fruits  (Hubbard  et  al.,  1989, 
Hubbard  et  al.,  1990;  Hubbard  et  al.,  1991;  Cordenunsi  and  Lajolo,  1995).  Other  roles  of 
sucrose  in  non-photosynthetic  tissues  (potato  tubers)  include  acting  as  a  cryoprotectant  in 
cold  environment,  and  as  an  osmolyte  which  protects  cells  from  water  stress 
(Geigenberger  et  al. ,  1 995). 
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Very  little  is  known  about  the  regulation  of  SPS  expression  in  non-photosynthetic 
tissues  as  compared  to  the  detailed  studies  on  the  molecular,  biochemical,  and 
physiological  aspects  of  SPS  expression  in  photosynthetic  tissues.  SPS  activity  (Vmax) 
increases  in  the  ripening  process  of  various  fruits,  resulting  in  the  accumulation  of  sucrose 
(Hubbard  et  al.,  1991;  Cordenunsi  and  Lajolo,  1995).  SPS  activity  in  cold-stored  potato 
tuber  is  reported  to  be  regulated  via  metabolites  and  protein  phosphorylation,  in  a  manner 
similar  to  its  regulation  in  leaf  (Reimholz  et  al.  1994).  The  regulation  of  SPS  activity  in 
cold-stored  potato  tuber  is  related  to  the  reduced  affinity  of  the  SPS  enzyme  to  Pi  (an 
inhibitor),  but  not  related  with  either  the  increase  of  Vmax  or  the  steady  state  level  of  the 
SPS  protein  (Geigenberger  et  al.,  1995). 

Hesse  et  al.  ( 1 995)  cloned  a  SPS  cDNA  from  the  tap  roots  of  sugar  beet.  The 
predicted  amino  acid  sequence  of  sugar  beet  SPS  cDNA  shares  high  sequence  identity  with 
those  of  maize  (71%  sequence  identity)  and  spinach  (77%)  leaf  cDNA  clones.  In  maize, 
the  developing  kernel  is  a  major  non-photosynthetic  sink  tissue.  The  enzymes  involved  in 
the  sugar  metabolism  of  developing  kernel  are  well  characterized  with  the  exception  of 
SPS.  The  SPS  mRNA  in  developing  kernel  is  slightly  smaller  (-3.2  Kb)  than  the  leaf 
mRNA  (3.5  kb),  but  the  SPS  polypeptide  in  endosperm  is  similar  in  size  to  the  leaf  SPS 
polypeptide  (Chourey  et  al.,  1993). 

In  the  germinating  seeds  of  cereal  crop  plants,  the  starch  stored  in  the  endosperm  is 
degraded  by  amylolytic  digestion,  and  the  resulting  glucose  is  transported  to  the  embryo. 
Subsequently,  glucose  is  utilized  as  a  metabolic  fuel  for  producing  ATP  and  reducing 
power,  or  as  a  carbon  skeleton  synthesizing  various  structural  polysaccharides  in 
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developing  organs.  The  analytical  experiments  in  wheat  and  barley  (Edelman  et  al.,  1959) 
and  in  rice  (Nomura  et  al.,  1969)  showed  that  the  biosynthesis  of  sucrose  occurs  in  the 
scutellum  during  the  germination  periods,  indicating  that  glucose  molecules  mobilized 
from  the  endosperm  tissues  across  the  epithelium  are  resynthesized  to  sucrose.  Ironically, 
there  has  been  little  attention  given  to  SPS  in  germinating  seeds,  even  though  SPS  was  first 
discovered  in  wheat  germ  (Leloir  and  Cardini,  1955).  Most  research  has  been  confined  to 
enzyme  activity  and  its  regulation  by  metabolites  (Hawker,  1985).  Currently,  there  is  no 
datum  on  the  SPS  in  germinating  maize  seed. 

Therefore,  I  have  analyzed  SPS  expression  at  the  RNA,  protein,  and  enzyme 
activity  levels  in  developing  kernel  (endosperm  and  embryo)  and  germinating  seed 
(embryo). 

i 

Materials  and  Methods 

Plant  materials 

I        Seeds  of  inbred  stock.  Pioneer  3 1 65,  were  planted  in  a  field  and  hand-pollinated. 
Kernels  at  various  stages  of  development  were  harvested  and  stored  at  -SO^C  until  use. 
Embryos  were  removed  and  stored  separately.  Endosperms  were  cut  into  1/3  basal  parts 
and  2/3  upper  parts  on  dry  ice  and  stored  at  -SO^'C  for  future  use.  Germinating  embryos 
were  prepared  by  plating  seeds  on  water-soaked  blotting  papers  in  petri  dishes  for  48  hours 
at  30°C.  Embryos  including  the  scutellimi  were  separated  from  the  endosperms  and  briefly 
washed  with  deionized  water,  quickly  frozen  in  liquid  Nj.  and  stored  at  -80"C. 


RNA  extraction.  Northern  blots.  Western  blots,  and  enzvme  assay 
j  The  isolation  of  RNA  and  Northern  blot  analyses  were  conducted  as  described  in 

Chapter  two  (see  Materials  and  Methods).  Crude  protein  extracts  for  Western  blot 
analyses  and  enzyme  assays  were  prepared  by  grinding  samples  in  liquid  Nj  followed  by 
homogenization  in  extraction  buffer  at  a  ratio  of  1 :8  (g/vol).  The  extraction  buffer  was 
composed  of  50  mM  MOPS-NaOH  (pH  7.5),  10  mM  MgClj,  ImM  NajEDTA,  2.5  mM 
DTT  and  0. 1%  (w/v)  Triton  X-100.  Western  blot  analyses  and  enzyme  assays  were 
conducted  as  described  in  Chapter  two  (see  Materials  and  Methods). 
Reverse  transcript-mediated  polymerase  chain  reaction  rRT-PCR'l 
'         The  first  strand  SPS  cDNA  was  synthesized  from  total  RNA  ( 1 0  /ig)  by  reverse 
transcription.  The  SPS  specific  oligonucleotide,  SC  54  (see  below),  was  used  as  the 
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antisense  primer  in  the  first  strand  synthesis.  After  the  heat  inactivation  of  the  reverse 
transcriptase  and  a  RNase  H  treatment,  the  first  strand  reaction  was  used  for  subsequent 
PCR  reactions.  PCR  reactions  contained  the  following:  1.5  mM  MgClj,  50  mM  KCl,  10 
mM  Tris-HCl  (pH  9),  0. 1%  triton-X  100,  0. 1  mM  deoxynucleotide  triphosphates,  0.3 
pmole  of  each  primer,  2  jul  of  template,  and  5  unit  of  Taq  polymerase  in  a  total  volume  of 
100  fA.  The  parameters  used  for  amplification  of  DNA  were  three  minute  denaturation  at 
94°C,  followed  by  30  cycles  of  one  minute  at  94°C,  one  minute  at  58°C,  and  two  minutes 
at  72°C.  Two  oligonucleotides,  SC  42  (GAAGAGCTCGCTGAACAC:  #2274-#2291  in  the 
Worrell  et  al.'s  (1991)  leaf  SPS  cDNA  clone)  and  SC  54 

(GAATTCCGATTGATACATTGA:  #3489-3509),  were  used  as  the  5'  sense  and  3* 
antisense  primer,  respectively.  These  primers  were  expected  to  yield  a  PCR  product  of 
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1,200  bp.  After  the  PGR  reaction,  the  amplified  products  were  separated  on  1%  agarose 
gel,  blotted  into  a  Nytran  membrane  (Schleicher  &  Schuell,  Keene,  NH),  and  hybridized 
with  the  full-length  SPS  cDNA  probe. 


SPS  expression  at  RNA  level  in  non-photosynthetic  tissues  *  -  '  -  • 

Figure  3-1  shows  SPS  transcripts  in  various  samples.  Northern  blot  analysis  of  , 
RNA  from  the  basal  1/3  part  of  the  endosperm  showed  a  single  SPS  hybridizing  band 
which  was  slightly  smaller  in  size  than  the  leaf  mRNA  (Fig.  3-1,  lane  4  and  5).  This 
observation  was  in  agreement  with  a  previous  report  that  the  SPS  transcript  in  endosperm 
is  -300  nucleotide  (nt)  smaller  than  the  3.5  Kb  leaf  SPS  transcript  (Chourey  et  al.,  1993). 

No  SPS  transcript  was  detected  in  the  upper  part  of  endosperm  (Fig.  3-1,  lane  3). 

I 

SPS  expression  at  the  RNA  level  was  also  studied  in  the  embryos  of  developing 
and  germinating  seeds.  Figure  3-2A  represents  a  Northern  blot  showing  SPS  transcripts  in 
various  tissues.  No  SPS  transcript  was  detected  in  embryos  of  either  developing  or 
germinating  seeds,  while  SPS  transcripts  were  easily  detected  in  mature  leaf  and 
developing  endosperm  (Fig.  3-2A).  Because  SPS  expression  at  the  RNA  level  may  be 
regulated  by  developmental  processes,  particularly  in  the  developing  embryo.  Northern 
analysis  was  conducted  on  the  total  RNAs  from  embryos  at  several  different 
developmental  stages  (Fig.  3-2B).  Once  again,  no  SPS  RNA  was  detected  in  embryos 
harvested  at  18, 21,  and  28  DAP  (Fig.  3-2B).  Thus,  RT-PCR  which  is  a  more  sensitive 
test  and  is  used  to  detect  rare  messages  (Frohman  et  al.,  1988),  was  applied  to  detect  the 
SPS  RNA  in  embryos.  Two  oligonucletides,  SC  42  and  SC  54  were  used  as  the  sense  and 
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Figure  3-1.  Northern  blot  showing  SPS  transcripts  in  endosperm 

Twenty  yug  of  total  RNA  was  loaded  for  each  lane. 

Lane  1  and  5,  mature  green  leaf. 

Lane  2,  leaf  of  7  day  old  green  seedling. 

Lane  3,  the  upper  part  of  developing  endosperm  (21  DAP). 

Lane  4,  the  basal  part  of  developing  endosperm  (2 1  DAP). 


Figure  3-2.  Northern  blots. 

A.  A  Northern  blot  showing  SPS  transcript  in  various  tissue  extracts  as  shown. 

Total  RNA  (20  /zg)  and  poly(A)  RNA  (1  ^g)  was  loaded  for  each  lane,  respectively.  The 
same  blot  was  hybridized  with  a  maize  sucrose  synthase  2  (Sus  1)  probe  to  show  the 
quality  of  RNAs  from  samples  which  did  not  show  SPS  transcripts  (lower  panel). 
Ml,  mature  leaf;  Endo,  endosperm;  Dem,  developing  embryo. 
Gem,  embryo  in  germinating  seed;  Gs,  green  seedlings. 

B.  A  Northern  blot  of  extracts  from  developing  embryos  at  various  developing  stages. 
Total  RNA  (20  ^g)  extracted  at  the  indicated  developing  stages  was  loaded  for  each  lane. 
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antisense  primer,  respectively.  The  expected  1.2  Kb  RT-PCR  product  was  observed  from 
total  RNA  samples  of  mature  leaves,  green  seedlings,  developing  embryo,  and  embryo  of 
germinating  seeds  (Fig.  3-3).  All  PCR  products  hybridized  to  the  full-length  SPS  cDNA 
probe,  indicating  that  there  were  low  levels  of  SPS  RNAs  in  embryos  (Fig.  3-3).  Because 
it  was  not  possible  to  determine  the  size  of  SPS  RNA  by  the  RT-PCR  approach,  a 
Northern  blot  analysis  on  the  poly(A)  RNA  of  embryos  (up  to  7  /.^g)  with  a  longer  exposure 
of  the  blot  to  the  X-ray  film,  was  done  (Fig.  3-4).  As  a  result,  a  -3.5  Kb  SPS  transcript 
which  was  similar  in  size  to  the  leaf  SPS  transcript  was  detected  in  the  embryos  of 
developing  and  germinating  seeds  (lane  3  and  4). 
SPS  expression  at  protein  level 

'        SPS  protein  was  detected  in  extract  from  the  basal  part,  but  not  from  the  upper  part 
of  endosperm  by  Western  blot  analysis  (Fig.  3-5).  The  SPS  polypeptide  in  the  crude 
protein  extract  from  endosperm  was  similar  in  size  with  the  SPS  polypeptide  in  leaf  (-120 
kD).  Occasionally,  a  -49  kD  SPS  polypeptide  was  observed  in  endosperm  extract  in 
addition  to  the  -120  kD  polypeptide  (Fig.  3-6,  lane  1 ). 

'      SPS  proteins  were  also  detected  in  the  embryos  of  developing  and  germinating 
kernels  by  Western  blot  analysis  (Fig.  3-6,  lane  2  and  3).  The  SPS  protein  in  developing 
embryo  was  represented  by  two  bands  in  the  Western  blot  (lane  2).  The  upper  band  was 
slightly  smaller  than  the  -120  kD  polypeptide,  and  the  lower  band  was  -49  kD  in  size.  In 
the  embryo  of  germinating  seed,  three  SPS  polypeptides,  -120  kD,  -49  kD,  and  a 
polypeptide  slightly  smaller  than  -120  kD,  were  observed  (lane  3). 
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Figure  3-3.  Southern  blot  analysis  showing  SPS-specific  RT-PCR  products  in  non- 
photosynthetic  tissues. 

Total  RNA  extracts  from  the  tissues  as  shown  above  were  used  as  RT-PCR  substrates. 

The  blot  was  probed  with  the  full-length  maize  leaf  cDNA. 

PCR  without  the  RT  (reverse  transcription)  step  was  used  for  negative  controls. 

Ml,  mature  leaf;  Dem,  embryo  in  developing  seeds;  Gem,  embryo  in  germinating  seeds. 
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Tigaie  3-4.  Northern  blot  showing  SPS  transcript  in  non-photosynthetic  tissues. 

Lane  1,  and  2,  0.5     of  Poly(A);  3  and  4:  7  /.ig  of  Poly(A);  5, 20  ^^g  of  total  RNA. 
Lane  3  was  exposed  for  a  longer  duration  to  see  the  hybridization  signal. 
Gs,  green  seedlings;  Endo,  developing  endosperm;  Dem,  developing  embryo. 
Gem,  embryo  in  germinating  seed. 


Figure  3-5.  SDS  Western  blot  showing  SPS  protein  in  endosperm. 

Developing  endosperm  (21  DAP)  was  divided  into  upper  (2/3)  and  basal  parts  (1/3),  and  50  pig 
of  soluble  protein  extract  was  loaded  in  the  first  2  lanes,  75  pig  for  the  last  3  lanes. 
Lane  1  and  5,  the  upper  part  of  endosperm. 
Lane  2  and  4,  the  basal  part  of  endosperm. 
Lane  3,  matiire  green  leaf 
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Figure  3-6.  Western  blot  showing  SPS  proteins  in  non-photosynthetic  tissues. 

Fifty  lug  of  soluble  protein  extract  was  loaded  for  each  lane. 
Lane  1,  the  basal  part  of  endosperm  (Endo). 
Lane  2,  developing  embryo  (Dem). 
Lane  3,  germinating  embryo  (Gem). 
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SPS  expression  at  enzvme  activity  level. 

Table  3-1  shows  SPS  activity  in  various  non-photosynthetic  tissues.  The  SPS 
enzyme  activity  in  crude  extract  prepared  from  whole  endosperm  was  38  nmol  Suc.mg  pro' 
'.min  '.  This  value,  in  terms  of  specific  activity,  was  higher  than  the  SPS  activity  of  the 
similar  extract  prepared  from  mature  leaf  ( 26.5  nmol  Suc.mg  pro  '.min  ').  In  terms  of 
gFW,  the  endosperm  extract  showed  a  lower  level  of  activity  (31  /zmol  Suc.gFW  '.h  ')  than 
the  mature  leaf  extract  (44.5  ^mo\  Suc.gFW'.h"' )  (Table  3-1).  The  extract  from  the  basal 
part  of  the  endosperm,  however,  showed  a  higher  level  of  enzyme  activity  (61  imiol 
Suc.mg  pro  '.min  ',  55  fxmol  Suc.gFW  '.h  ')  than  that  of  mature  leaf,  in  terms  of  specific 
activity  as  well  as  gFW  (Table  3-1).  The  upper  part  of  endosperm  showed  a  much  lower 
level  of  enzyme  activity  (17  nmol  Suc.mg  pro  '.min  ',  13  //mol  Suc.gFW  '.h"'). 

Embryos  in  both  developing  and  germinating  seeds  showed  a  significant  level  of 
SPS  enzyme  activity.  In  terms  of  gFW,  the  levels  of  SPS  enzyme  activity  in  these  embryos 
were  similar  to  the  level  seen  in  the  basal  part  of  endosperm.  But  in  terms  of  specific 
activity,  developing  embryo  showed  74%,  and  the  embryo  of  germinating  seed  showed 
62%  of  the  activity  seen  in  the  extract  in  the  basal  part  of  developing  endosperm  (Table  3- 
1). 

Discussion 

SPS  expression  in  non-photosvnthetic  ti.ssue.s 

SPS  expression  was  analyzed  at  the  RNA,  protein,  and  enzyme  activity  levels,  in 
developing  endosperm  and  embryo,  and  embryo  in  germinating  seeds.  At  both  RNA  and 


Table  3-1.  SPS  enzyme  activity  in  non-photosynthetic 
,  tissues®.  ,      i  ■ 


Developing  endosperm 
(21  DAP^) 

upper 

part 

nmolSuc"" 
17±3.4 
28% 

//molSuc"* 
13±3.1 
21% 

1 

basal 

part 

61±8.3 
100% 

55+5.1 

100% 

whole 

38±7.6 

62% 

31±5.1 
56% 

Developing  embryo 
(21  DAP) 

45±8.1 
74% 

62±8.6 
113% 

Germinating  embryo 
(2  DAI^) 

40±5.9 

62% 

56±6.5 
102% 

Mature  leaf 

27±5.2 
44% 

45±7.3 
80% 

a.  days  after  pollination 

b.  days  after  imbibition 

c.  specific  activity  (mg  protein'^min"^) 

d.  gFW-^h-i 

e.  an  average  of  four  experiments 


protein  levels,  SPS  expression  was  restricted  to  the  basal  part  of  endosperm.  The  SPS 
transcript  in  the  basal  part  of  the  endosperm  is  slightly  smaller  than  the  SPS  transcript  in 
other  tissues.  However,  the  SPS  protein  in  endosperm  was  not  smaller  than  the  full-length 
polypeptide  in  other  tissues.  Thus,  it  is  possible  that  the  small  transcript  in  endosperm 
lacks  a  part  of  either  the  5'  or  the  3'  untranslated  region,  or  has  a  shorter  poly(A)  tail  than 
the  3.5  Kb  transcript,  among  other  possibilities.  The  Western  blot  analysis  showed  two  or 
three  different-sized  SPS  polypeptides  in  non-photosynthetic  tissues.  SPS  is  known  to  be 
highly  labile  during  extraction,  and  the  breakdown  of  SPS  protein  occurs  frequently  in 
most  of  the  plants  examined  (Salvucci  et  al.,  1995).  Thus,  I  believe  those  polypeptides 
which  were  smaller  than  -120  kD  represent  degradation  products. 

In  developing  endosperm,  the  SPS  expression  was  confined  to  the  basal  part. 
These  data  confirm  a  previous  report  (Chourey  et  al.,  1993)  that  SPS  transcript  and  protein 
are  present  in  endosperm.  SPS  can  catalyze  the  synthesis  and  cleavage  of  sucrose-P  in 
vitro.  However,  the  function  of  SPS  in  vivo  is  believed  to  be  the  synthesis  of  sucrose-P 
(Huber  and  Huber,  1996).  Assuming  that  sucrose  synthesis  is  the  physiological  function  of 
SPS  in  endosperm,  its  expression  in  the  basal  part  of  endosperm  has  led  to  the  following 
hypothesis  (Chourey  et  al.,  1995).  sucrose  unloaded  from  phloem  is  hydrolyzed  by 
invertases  into  glucose  and  fructose  (Shannon,  1972;  Shannon  et  al.,  1986;  Miller  and 
Chourey,  1992;  Cheng  et  al.,  1996);  subsequently,  sucrose  is  resynthesized  fi-om  hexose 
sugars  in  the  basal  part  of  endosperm.  A  certain  proportion  of  resynthesized  sucrose  may 
be  transported  to  the  upper  part  of  endosperm,  where  sucrose  synthase  1  (Sh])  may  cleave 
sucrose  and  provide  substrates  for  both  cellulose  and  starch  synthesis  (Chen  and  Chourey, 


1989;  Heinlein  and  Starlinger,  1989). 
I  Very  little  is  known  about  sucrose  unloading  and  utilization  in  developing  embryo. 

It  is  likely  that  the  SPS  in  developing  embryo  catalyzes  the  synthesis  of  sucrose.  SPS 
expression  was  also  detected  in  the  germinating  embryo  of  maize.  In  other  cereals  such  as 
wheat  (Salerno  and  Pontis,  1977)  and  rice  (Nomura  and  Akawaza,  1974),  SPS  expression 
has  been  reported  in  the  scutellum  of  germinating  seed.  Hexose  sugars  derived  from  the 
reserve  starch  in  endosperm  are  transported  to  the  scutellum  where  sucrose  is  synthesized, 
and  subsequently  transported  to  the  growing  tissues  of  the  germinating  embryo  (Nomura  et 
al.,  1969;  Nomura  and  Akawaza,  1974).  It  is  likely  that  the  same  metabolic  pathway  may 
be  operative  in  maize  because  of  the  similarity  of  sugar  metabolism  in  germinating  cereal 
grains  (Fincher,  1989). 

Speculations  on  regulation  of  SPS  expression  in  embrvos 

In  embryos,  the  steady  state  level  of  SPS  transcript  was  very  low.  It  was  only 
detectable  by  RT-PCR  or  by  Northern  analyses  of  highly  concentrated  poly(A)  RNAs.  The 
SPS  protein,  however,  was  readily  detectable  by  Western  analysis.  Furthermore,  the  levels 
of  SPS  enzyme  activities  in  embryos  were  higher  than  the  level  of  enzyme  activity  in  leaf 
The  regulation  of  SPS  expression  in  embryos  may  be  different  from  that  of  SPS  in  leaf  and 
endosperm.  Among  various  possibilities,  the  efficiency  of  the  translation  of  SPS  RNA 
and/or  the  protein  stability  in  embryos  may  be  higher  than  in  leaf  and  endosperm.  A 
similar  observation  is  reported  for  the  phytone  synthase  in  maize  endosperm  (Wurtzel  et 
al.,  1995).  Although  the  phytone  synthase  protein  is  detectable  by  Western  blot,  the 
transcript  is  only  detectable  by  RT-PCR. 
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Embryos  in  both  developing  and  germinating  kernels  showed  higher  enzyme 
activities  (in  terms  of  gFW)  than  mature  leaf  and  the  basal  part  of  developing  endosperm. 
However,  the  steady  state  levels  of  SPS  protein  in  developing  and  germinating  embryos 
were  much  lower  than  in  endosperm.  The  possible  reason  for  high  enzyme  activity  in 
conjunction  with  low  levels  of  SPS  protein  in  embryos  is  not  clear.  However,  two 
possibilities  are  suggested.  First,  the  SPS  protein  in  embryos  may  be  a  more  active  form  of 
the  enzyme  (e.g.  less  phosphorylated  form)  than  the  SPS  in  endosperm.  Second,  there  -  - 
were  several  different-sized  SPS  polypeptides  in  embryos  of  developing  and  germinating 
kernels.  SPS  is  known  to  be  highly  labile  during  extraction,  and  truncated  forms  of  SPS 
are  believed  to  be  catalytically  active  (Salvucci  et  al.,  1995).  Thus,  the  high  enzyme  i 
activities  in  embryos  may  reflect  that  the  elimination  of  the  regulatory  domain  by  protein 
degradation  does  not  affect  or  increase  SPS  activity  by  removing  the  negative  regulatory 
domain. 


CHAPTER  4 

A  PARTIAL  CHARACTERIZATION  OF  SPS  GENE  STRUCTURE  IN  MAIZE 


Introduction 

The  structure  of  the  SPS  gene  is  known  only  in  rice  (Sakamoto  et  al  .,  1995; 
Valdez-Alarcon  et  al.,  1996).  The  rice  SPS  gene  is  localized  in  chromosome  one.  The 
The  rice  SPS  gene  promoter  has  a  G-box-like  sequence,  CACGTG,  which  is  suggested  to 
be  involved  in  the  light  response  (Giuliano  et  al.,  1988),  implying  that  the  expression  of 
the  rice  SPS  gene  may  be  regulated  by  light.  In  rice,  SPS  is  considered  to  be  encoded  by  a 
single  gene  based  on  genomic  Southern  analyses  (Sakamoto  et  al,  1995;  Valdez-Alarcon 
et  al.,  1996).  In  other  plants  such  as  maize  (Worrell  et  al.,  1991),  spinach  (Klein  et  al., 
1993),  sugar  beet  (Hesse  et  al.,  1995)  and  Vicia  fava  (Weber  et  al,  1996),  only  one  type  of 
SPS  mRNA  has  been  cloned  and  characterized. 

In  plants,  gene  duplication  is  well  documented  (Dean  and  Schmidt,  1995).  By 
duplication,  a  redundant  copy  of  a  locus  is  created.  Natural  selection  often  ignores  such  a 
redundant  copy.  While  being  ignored,  it  accumulates  many  mutations  and  becomes  a  new 
gene.  Thus,  gene  duplication  emerges  as  the  major  force  of  evolution.  In  maize,  28.6%  of 
the  tested  clones  showed  duplication  (Helentjaris  et  al.,  1988).  Furthermore,  the 
duplicated  loci  are  arranged  in  a  non-random  fashion;  i.e.,  certain  non-homologous 

58 


59 

i 

chromosomes  share  a  large  number  of  duplicate  loci,  and  the  duplicated  loci  are  arranged 
in  the  same  approximate  order  within  chromosomes  (Helentjaris  et  al.,  1988).  Therefore, 
it  is  believed  that  allopolyploidy  has  been  involved  in  the  duplication  of  the  maize  genome 
(Helentjaris  et  al.,  1988).  In  addition  to  allopolyploidy,  imequal  crossing-overs,  and  the 
integrations  of  transposable  elements  into  new  sites  may  contribute  to  either  tandem  or 
random-site  duplications. 

In  maize,  several  carbohydrate-metabolizing  enzymes  have  at  least  two  genes:  e.g., 
sucrose  synthase:  Shi,  SusJ  (Chourey,  1981;  McCarty  et  al,  1986;  Chourey  and  Taliercio, 
1994),  ADPglucose  pyrophosphorylase:  Sh2,  Bt2  (Hannah  and  Nelson,  1976;  Giroux  and 
Hannah,  1994).  In  the  present  study,  two  different-sized  SPS  transcripts  were  observed  in 
photosynthetic  as  well  as  in  non-photosynthetic  tissues  in  maize.  Furthermore,  these 
RNAs  were  tissue-specifically  expressed;  a  3,500  nt  RNA  in  leaf  and  embryo,  and  a  3,200 
nt  RNA  in  endosperm.  Thus,  SPS  may  be  encoded  by  more  than  one  gene,  and  different- 
sized  transcripts  may  represent  different  genes.  Recently  two  SPS  cDNAs  were  cloned 
from  a  maize  developing  endosperm  library  (Taliercio  and  Chourey,  unpublished). 
Sequence  analyses  have  shown  that  one  of  these  clones  is  the  same  as  the  cDNA  clone  in 
leaf  described  by  Worrell  et  al.  (1991 ),  while  the  other  clone  (hereafter  it  will  be  called  as 
the  kernel  SPS  cDNA)  has  77%  of  nucleotide  sequence  identity  with  the  leaf  cDNA  clone. 
Based  on  these  data,  I  tried  to  seek  a  possible  genetic  basis  for  the  two  alternate-sized 
transcripts  and  the  two  types  of  cDNA  clones.  In  the  present  study,  a  maize  genomic 
library  was  screened  with  the  maize  leaf  SPS  cDNA  probe.  Restriction  maps  were 
prepared  for  the  isolated  clones,  followed  by  the  sequencing  of  certain  specific  regions  to 
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find  structural  differences  among  clones.  I  present  data  which  suggest  that  there  are  at 
least  two  SPS  genes  in  maize. 

I 

Materials  and  Methods 

Plant  matgrials 

'      Unless  stated  otherwise,  all  maize  lines  used  in  this  study  were  inbred  stock.  Pioneer 
3165.  •• 
Genomic  DNA  extraction  and  Southern  blot 

1         Genomic  DNA  was  isolated  from  seven  day  old  etiolated  seedlings  by  the  method 
of  Dellaporta  (1983).  Plant  sample  (5  g)  was  ground  to  a  fine  powder  under  liquid  N2  in 
a  precooled  motar  with  pestle  and  homogenized  with  15  ml  of  DNA  extraction  buffer 
containing  0. 1  M  Tris  (pH  8),  50  mM  NajEDTA  (pH  8),  1%  SDS  (w/v),  0. 1  M  NaCl,  and 
10  mM  mercaptoethanol.  The  homogenate  was  incubated  at  65''C  for  10  minutes,  and  5 
ml  of  5  M  potassium  acetate  was  added.  After  homogenate  was  kept  on  ice  for  20 
minutes,  it  was  centriftiged  at  25,000g  for  20  minutes.  Genomic  DNA  was  precipitated  by 
adding  0.2  volume  of  3  M  sodium  acetate  and  two  volumes  of  ethanol  to  the  supernatant. 
Ethanol  precipitation  was  repeated  and  the  DNA  was  dissolved  in  sterile  H2O.  The 
concentration  of  DNA  was  determined  spectrophotometically.  For  Southern  blot  analyses, 
the  genomic  DNA  was  digested  with  several  restriction  enzymes  (five  units  of  each 
enzyme  were  used  for  one  //g  of  DNA  digestion)  for  six  hours.  Each  digest  was 
fractionated  in  a  0.6%  agarose  gel,  followed  by  a  Southern  transfer  to  a  Nytran  membrane 

(Schleicher  and  Schuell,  Keene,  NH).  The  resulting  blot  was  hybridized  with  the 

i  ; 
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labeled  full-length  maize  leaf  SPS  cDNA  probe.  Hybridization,  washing,  and 
autoradiography  were  carried  out  as  described  in  Chapter  two. 

Northern  blot  and  reverse  transcript-mediated  polymerase  chain  reaction  (RT-PCR^  ! 
analyses 

For  Northern  blot  and  RT-PCR  analyses,  the  methods  described  in  Chapter  three 
were  applied.  For  RT-PCR,  SC  1 1 1  (CCCGCGGTACTGTTCACA:  #3373-#3390  in  leaf 
SPS  cDNA  clone)  and  SC  1 14  (GGGAACATGTATGGATCAC:  #3060-#3078)  were  used 
as  the  antisense  and  the  sense  primers,  respectively  (Fig.  4- IB). 
Isolation  of  genomic  clones,  restriction  enzyme  mapping,  subcloning  and  sequencing 
\        A  maize  genomic  library  was  purchased  from  Clontech  (Palo  alto,  CA).  According 
to  the  manufacturer's  specification,  the  library  was  prepared  from  the  inbred  line  B73  by 
the  partial  digestion  of  the  genomic  DNA  with  Sau3  AI  and  the  subsequent  ligation  into 
BamHl  digested  EMBL3  arms.  The  library  contained  1.0x10'°  recombinants. 

i 

Approximately  five  million  plaques  were  plated  on  E.  coli  K803  and  screened  at  a 
moderate  stringency  with  the  '^-labeled  leaf  SPS  cDNA.  The  hybridization  was 
performed  at  65  °C  for  18  hours  in  50  mM  PIPES  (pH  6.5),  100  mM  NaCl,  50  mM  sodium 
phosphate,  1  mM  NazEDTA  and  5%  (w/v)  SDS  solution.  The  filter  was  washed  as 
described  in  Chapter  two,  except  for  the  final  wash  which  was  IxSSC  instead  of  0.2xSSC. 
The  blot  was  exposed  to  Kodak  XAR-5  film  under  an  intensifying  screen.  Hybridizing 
recombinant  phages  were  rescreened  at  a  lower  plaque  density  until  reaching  plaque 
purity. 
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i  Isolation  of  the  phage  particles  and  the  subsequent  DNA  purification  were 

conducted  according  to  Sambrook  et  al.  (1989).  Briefly,  all  phage  particles  in  a  single 
plaque  were  added  to  a  liquid  culture  of  E.  colt  K803;  lysis  was  then  induced  by  placing 
them  in  a  shaker  at  37°C  for  six  hours.  The  lysate  was  centrifuged  at  3,000g  for  ten 
minutes,  and  the  resulting  supernatant  was  collected.  The  phage  particles  were 
precipitated  by  adding  polyethylene  glycol  (PEG  8,000,  the  final  concentration  of  10%)  to 
the  supernatant  and  by  subsequent  centrifugation  (10,000g  for  10  min).  The  phage 
particles  were  resuspended  in  10  mM  MgS04  To  purify  DNA  from  the  phage  particles, 
the  coat  proteins  of  the  phage  particles  were  disrupted  by  adding  proteinase  K  (10  mg/ml) 
to  the  resuspension.  The  phage  DNA  was  further  purified  by  chloroform, 
phenol/chloroform  treatments,  and  subsequent  ethanol  precipitation  as  described  in 
genomic  DNA  isolation. 

For  restriction  enzyme  mapping,  purified  DNAs  of  isolated  genomic  clones  were 
single-  or  double-digested  with  a  series  of  restriction  enzymes-BamHl,  EcoRI,  and  Sall- 
and  then  separated  by  agarose  gel  electrophoreses.  Restriction  maps  were  constructed  by 
analyzing  all  restriction  fragments  produced  by  single-  or  double-digestion.  The  gels  were 
blotted  into  a  nitrocellulose  membrane  and  subsequently  hybridized  with  the  5'-,  middle 
region-,  and  3'-specific  probes  to  find  the  orientation  of  the  clones. 

Various  restriction  fragments  of  these  isolated  genomic  clones  were  subcloned  into 
pBluescript  phagemid  vectors  (Promega,  Madison,  WI).  Plasmid  DNAs  were  isolated 
from  E.  coli  by  the  alkaline  lysis  method  (Sambrook  et  al.,  1989),  and  used  for  more 
detailed  restriction  mapping  and  sequence  analyses. 


'  DNA  samples  were  sequenced  by  the  DNA  Sequencing  Core  Laboratory, 

University  of  Florida's  Interdisciplinary  Center  for  Biotechnology  Research.  Sequencing 
was  accomplished  by  employing  the  Taq  DyeDeoxy  Terminator  and  the  Dyeprimer  Cycle 
Sequencing  protocols  developed  by  Applied  Biosystems  (a  division  of  Perkin-Elmer  Corp., 
Foster  City,  CA)  using  fluorescent-labeled  dideoxynucleotides  and  primers,  respectively. 
The  labeled  extension  products  were  analyzed  on  an  Applied  Biosystems  Model  373A 
DNA  Sequencer.  The  nucleotide  sequence  analyses  were  performed  using  SeqEd 
(Applied  Biosystems).  All  sequences  were  determined  from  one  strand. 
Prpbes 

The  full  length  leaf  SPS  cDNA  insert  was  isolated  by  EcoRl-BamHl  digestion  of 
the  plasmid  pCGN  3807  (Worrell  et  al.,  1991).  The  5'-  and  3'-specific  inserts  were 
prepared  as  described  in  Chapter  two.  The  insert  for  the  middle  region  was  prepared  by 
digesting  the  full  length  SPS  insert  with  Bglll  which  generates  a  735  bp  middle  region 
insert  (#1826-#2561  in  maize  leaf  cDNA,  Fig.  4-1  A).  Gene  specific  DNA  inserts  of  two 
different  SPS  cDNAs  (the  leaf  cDNA  and  the  kernel  cDNA)  were  generated  by  PCR- 
amplification  of  the  3'  untranslated  region,  because  the  two  clones  have  shown  the  most 
divergence  at  this  region  (Fig.  4-lB,  Taliercio  and  Chourey,  unpublished).  Probes  were 
prepared  by  ^^P-labeling  the  inserts  using  a  random  primer  kit  (Gibco/BRL,  Bethesda, 
MD). 
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SPS  cDNA  (3.5  Kb) 

B  H  Bg  Bg  P  E 
I,  .  !  1  '-, — I 

ATG  TGA 


Probe      5'  Middle 


SC114  SClll 
LeafcDNA  ■     ^^"'^  ■ 

B  Kernel  cDNA  ■  — —  3' 

27  bp   20  bp 


Figure  4-1 .  Preparation  of  probes. 

A.  Restriction  map  of  SPS  cDNA  showing  preparation  of  specific  probes. 

The  5'-,  middle  region  of  the  gene-,  and  3'-  specific  probes  were  prepared  as  explained  in 
Materials  and  Methods  (probes). 

B,  BamHI;  Bg,  Bglll;  E,  EcoRI;  H,  HindlH;  P,  Pstl. 

B.  RT-PCR  strategy  and  preparation  of  leaf-  and  kernel-specific  probes. 

For  RT-PCR,  SCI  1 1  was  used  as  an  antisense  primer,  and  SCI  14  as  an  sense  primer. 

The  PCR  products  of  two  different  SPS  cDNAs  were  also  used  for  preparing  gene-specific 

probes. 


Genomic  Southern  analyses  •  v 

Maize  genomic  DNA  was  digested  with  restriction  enzymes  which  have  no 
restriction  site  (EcoRT)  or  only  a  single  restriction  site  (BamHI,  EcoRV,  and  KpnF)  in  the 
leaf  SPS  cDNA.  Subsequent  Southern  blot  analyses  with  the  full-length  maize  leaf  cDNA 
probe  showed  only  one  or  two  strongly  hybridizing  fragments  and  a  few  weakly 
hybridizing  bands  (Fig.  4-2).  The  gene  reconstruction  analyses  revealed  that  the  intensity 
of  SPS  hybridization  bands  in  each  lane  was  equivalent  to  a  single  copy  or  two  copies  in  a 
haploid  genome  (Fig.  4-2). 

Isolation  and  restriction  enzyme  mapping  of  SPS  genomic  clones 

Four  genomic  clones,  K 1 ,  K3,  K5,  and  K2 1 ,  were  isolated  by  screening  the  maize 
genomic  library  with  the  full-length  maize  leaf  SPS  cDNA  probe.  Figure  4-3  shows  the 
restriction  maps  of  those  clones.  The  restriction  maps  of  the  K3,  K5,  and  K21  clones  were 
indistinguishable  in  the  overlapping  region,  but  the  restriction  map  of  the  KI  clone  was 
distinct  from  those  of  other  clones.  Thus,  I  classified  SPS  genomic  clones  into  two  groups 
based  on  the  restriction  maps:  the  K5  group  representing  the  K3,  K21  and  K5  clones;  the 
Kl  group  representing  the  Kl  clone.  The  Kl  and  the  K5  clones  hybridized  to  both  the  5'- 
and  3'-specific  probes  of  SPS  cDNA  (data  not  shown),  suggesting  that  they  might  encode 
full-length  SPS  gene(s).  However,  the  K3  and  the  K21  clones  did  not  hybridize  to  the  3'- 
specific  probe  (data  not  shown). 
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Figure  4-3.  Restriction  maps  of  SPS  genomic  clones:  Kl,  K3,  K5  and  K21 . 

B,  BamHI;  E,  EcoRI;  S,  Sail. 


The  size  of  SPS-hybridizing  EcoRl  fragments  of  both  the  Kl  and  K5  clones  were 

! 

I  ■   •  - 

similar  (3.9  Kb  in  Kl  and  3.8  Kb  in  K5  clones  in  Fig.  4-3);  other  EcoRl  fragments  in  both 

clones  did  not  hybridize  when  probed  with  the  full  length  leaf  SPS  cDNA  probe,  but  they 

did  hybridize  with  the  5'-specific  probe  (data  not  shown).  Therefore,  a  thick  band  around 

~  3.9  Kb  in  genomic  Southern  blots  (Fig.  4-2)  are  supposed  to  be  composed  of  two 

similar-sized  bands  (3.9  and  3.8  Kb),  representing  the  Kl  and  K5  SPS  genomic  clones. 

Sequence  comparison  of  genomic  clones  at  5'  and  3'  regions 

Figure  4-4  shows  the  subcloned  regions  and  the  sequencing  strategy  of  SPS 

genomic  clones.  Genomic  sequences  were  analyzed  by  sequencing  DNA  segments  or 

subcloned  regions  which  hybridized  to  the  SPS  cDNA  probe.  Because  the  preliminary 

sequence  data  of  the  K3  and  K5  at  the  5'  region  were  identical  (data  not  shown),  I 

concluded  they  represent  the  same  gene.  Hereafter,  sequence  data  of  the  K5  group  were 

achieved  by  sequencing  the  K5  clone.  Figure  4-5  represents  sequences  of  both  the  K5  and 

the  Kl  clones  at  the  5'  flanking  region  and  at  a  part  of  the  first  exon;  because  the  leaf  SPS 

cDNA  clone  is  approximately  10  bp  shorter  than  the  full-length  SPS  transcript  at  the  5'-end 

(Worrell  et  al.,  1991),  The  putative  first  exon  was  predicted  by  comparing  sequences  of  the 

K5  and  Kl  clones  with  the  leaf  SPS  cDNA  sequences.  The  DNA  sequences  of  both  the  Kl 

and  the  K5  clones  showed  85%  identity  in  the  putative  first  exon  region  (Fig.  4-5). 

However,  these  two  clones  shared  only  49%  sequence  identity  in  the  1,000  bp  of  the  5* 

flanking  region  to  the  first  exon  (Fig.  4-5).  The  1,000  bp  sequences  of  the  5'  flanking 

regions  of  both  the  K5  and  the  Kl  clones  were  analyzed  by  the  computer  program,  ProScan 

(Prestridge,  1995).  Those  regions  did  not  show  the  general  transcription  factor  binding 
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Figure  4-4.  Restriction  maps  of  SPS  genomic  clones  showing  subcloned  regions  and 
sequencing  strategy.  Dotted  lines  ( — )  represent  regions  subcloned;  Arrows  represent  start 
sites  and  directions  of  sequencing. 


K5    GCATGCATGGGACATGGGTGGCTGCAGAAAGGATTCGATTCGTGCGGGTG-ACGC  -1000 

Kl     CTCTATATTGGTGTCAATGGTCTACATAATGTATAAATGTAGAATGATGGTATTC  -1043 
*****  **********  *  *       *       *  *  * 


AGGGCGTCCACATACGTAAGCATCACCACCCTCGAGCGCACGCACGGCACGATCCGTAAC  -940 
AGTGCCTCTCTATTATTGCTTAGCGTCTAATCTTTGTTAGTGGA-AGCACAA — AATAAA  -986 
*********        ♦  *     *  *  *  *     ****  *  *** 


CGCCTGCGAATGCGAATCCTAACTAACGGACGGTGAAGCGAAATCCAACGGACGCGCAAC  -880 
TGCATGCTGCAGCTA-TCTCATGTGGTGTGACAAAGAATGATATGCACCATCTATCCAAG  - 92  6 
**  ***        *******       *  ********  ★** 

GAGCTGGGGTGGGGCCACGGCCTAGCCACGTTTCGCCAGTGCCGCGGCTTTCTCAGAGCA  -820 

TTACAATGCTCAATTAACCAACTGATAAGGCATTGT-AGTATTGTGTTTCTTTTACAGAA  -866 
*       **  **       **         ****     ***       **  ******* 


ACTCCAATAGTTATGTAAATTTTAGCTCTCTAAATCACATATTTAAGAAATTGCTAAATG  -760 

AAGA-AACACCATCTCTCATGATATCTCAGTAAAAGAGCAGAAAGAAGATATACCAATCG  -807 

*  **  *  **     **  ***     ****     *  ******* 

ACTTTTGGA  GTAAAAAAATATGAGTTCTCCAATAGTTCTC-TAAATATAGGTTGTA  705 

AGATGGAGACAAACGAACAATTTCAACCTTTCTGAGGGCTTGGATGTTTGTAAGTTATTT  -747 

*  *       **  *****       *******         *       *  **  ***  * 


ATTTTGTTTTGTATCTATCCACATAAAAAATA — AGTCACAAAAACTATATAATGCAGTC  -647 

AGTTTTCATAGGATCCATCTACCAAAGAGACATTGGTCTCAAGTA-TGGACAGAGAAAAA  -688 
*  ***       *  *  ***  ***  **     **  *  *  *       ***  ***     *  *     *  *     *  * 

AACATTTTTGTTTAGGGAGTTGTTAAATGGTTGCCA-AATGTAGAGAGAAAATGAGGTT^  -588 

GACATTGGTCTCATAGGATCCACGGCCTAGCCGGAACGAGATCCTCTGACGTGGGGGGTG  -628 
*****     *  *        ***  ******  **  **** 


SMMCAAGTTGTTAAATTTAGAAAGTTCATTTAGAGAACTGTTGGAAAATAGT-TTTCA  -529 
GGCACTGCCGCGTGGCCCCCGCGTGCGACAGGGCCCGCGCGCAGTGACCCTACTGCCCCC  -568 


TGTTAACTACCTAAATTATTGATTTAG  AAAGTTTTTAGAGAACTACTGGAGTTGCT  - 4  8  3 

TGCAGTACGTCAGAGGAACCGGCTCCGCCTAGCCACGTTTCGTCCGCGCCGCGGCTTTCT  -508 
**       ****  ****  ******* 

CTCACCCGC-CCGCGCGCCTCCTCCCTTC-TCCGTCCGTGGCAACGGAAGCCCCC   -430 

CATCCCCGCGCCGCCTCCCTGCTCCCTCCGTGCCTCCGTGGCAACTGAAGGCCCCTACAG  -448 
*       *****  ****       ***  ******  *  *  *  ***********  ****  **** 


Figure  4-5.  Comparison  of  the  5'  flanking  and  first  exonic  sequences  of  maize  SPS 
genomic  clones. 

The  start  codon  of  translation  is  bold-typed.  The  regions  containing  putative  TATA  box 
and  CAAT  box  are  double  underlined.  The  putative  light-responsive  element  is  underlined. 
*  indicates  sequence  identity.  Dotted  line  (~)  was  introduced  to  optimize  the  alignment. 
Nuceotides  are  numbered  by  assigning  +1  to  the  translation  initiation  site. 


-CTATAACCGCGGCCGCCGCTGCAACTGCATGCACGGCACGAACCTCCCT — TCTTTCTC  -373 

GCTACAGCTGCGGCCGCCGCTGCAACCGCATGTACGGCAGGCACGAACCTGTCCCTTCTT  -388 
★**  *  *  *****************  *****  ******  *  **       ***       *  **** 

AAATTCTCTCTCCGCCTCCCTGCTCCGATGCCGCGGTGACGCGTGG  TGCATGCG  -319 

CAGTCTCAAATTCCCTCCCTCCCTCCGATGCCGCGGTGACGCGTGGGCGTGGTGCGTGCG  -328 
*  *  *****       ************************  ***  **** 

TGCGCGCGCGCCTTTTCCCCTGCCTGGATCC  CCCGTCCTCTCTCGATCGGTTCCAGT  -262 

CGCGCGCGCTCCTTTCCCCCTGCCTTGCCTGGAGCCTGCCCCATCCTCTCCCTCCCTCTC  -268 
********  *****  *********  *  **  *  **     **  *  * 

TAACACTCGCAGCCTCGTTC  TCGAGTCTCGACTCTCGACTTGAG—TCGCCAGTGGC  -207 

TCTCTCTCTCTCTCTTGATCGGTTCCAGTTAACACTCGCAGCCTCCCCTTCTCGAGTCGC  -208 
*     *  ***  *       *****       **  ***        ****  *     *  *  **  *  ***  +* 

CACGCGCGCCGG-GACACGGGCGCGCTTTCTCGCTGCCGCGCCAAAGCAGGAAACAGAGC  -148 

CAGTGGCCACGCCGGGACGGGCGCGCTTTTCCCCTGCCGCGCCAAAGCAGGAAACAAAGC  -148 
**       **     **     *     *************     *  ***********************  *** 

,  Putative  1st  exon  start  sit 


AACGGCCAGGAAGGACTCACGCGCGAGGCGAAAAGCGAAGCGGGTGGGAGAAGCGTGGGC  -88 

AACGGCCAGGAAGGAGTCACGCGCGAGGCGAAAAGCGG-GCGGGTGGAAGAAGCGTGGGC  -89 
***************  *********************     ********  ************ 

GCCTGGGCTAGTGCTCCCGCAGCGAGCGATCTA  CGGTAGAGTTCCGGCCGGGCGCG  -32 

GCCTGGGTTAACGCTCCCGCAGCGAGTGATCTGAGAGCGGTAGAGG-CCGGCCGGAACCG  -30 
*******  **     **************  *****  ********     ********  *♦ 

CGGGAGAGGAGGAGGTCGGGGGGAGGATCCGATGGCCGGGAACGAGTGGATCAATGGGTA  2  9 

CGGAAGAGGAGAGG — CCGGGGGATCCGACGATGGCGGGGAACGAGTGGATCAATGGGTA  2  9 
***  *******     *     *  ******  *******  *********************** 

CCTGGAGGCGATCCTCGACAGCCACACCTCGTCGCGGGGTGCCGGCGGCGGCGGCGGCGG  8  9 

CCTGGAGGCGATCCTCGACAGCCGCACCTCGTCG  GGCGGCGGCGGAGGCGGCGGCGG  8  6 

***********************  **********       **  *  ******  *********** 

KS  CGGGGACCCCAGGT  103 

Kl  CGGGGACCCAAGGT  100 

*********  **** 


Figure  4-5~continued. 


sites  which  are  typical  characteristics  of  most  eukaryotic  promoters.  Similar  observations 
have  been  reported  in  the  rice  SPS  gene  (Sakamoto  et  al.,  1995;  Valdez-Alarcon  et  al., 
1996).  Yet,  the  putative  TATA,  CAAT,  and  GATA-motif  which  is  known  as  a  light 
responsive  element  (Sakamoto  et  al.,  1991),  were  observed  in  the  5'  flanking  region  of  the 
K5  clone.  The  putative  TATA  sequence  was  also  observed  in  the  Kl  clone,  but  the  CAAT 
sequence  was  not  observed. 

DNA  sequences  of  the  Kl  clone  at  the  first  and  last  exons  were  identical  to  the 
kernel  SPS  cDNA  sequences,  save  for  two  base  deletion  in  the  first  exon  (Fig.  4-6A  and  4- 
7A).  When  the  sequences  of  the  Kl  clone  were  compared  to  the  Worrell  et  al.'s  (1991) 
leaf  cDNA  sequences  at  the  same  regions,  there  were  many  basepair-mismatches, 
especially  at  the  3'  untranslated  region  (Fig.  4-6B  and  4-7B).  The  sequences  of  the  first 
and  last  three  exon  regions  of  the  K5  clone  were  identical  to  the  Worrell  et  al.'s  (1991) 
leaf  SPS  cDNA  sequences,  except  two  basepair  mismatches  and  three  base  deletion  in  the 
first  exon  (Fig.  4-8  and  4-9).  The  K5  clone,  however,  did  not  show  the  400  bp  of  exonic 
sequences  which  have  been  seen  at  the  extreme  3 '-end  of  the  Worrell  et  al.'s  (1991)  leaf 
SPS  cDNA  (Fig.  4-9;  #3082-#3509).  Instead  there  was  an  extra  ~3  Kb  region  which 
extended  beyond  the  point  where  the  exonic  sequence  ends  (Fig.  4-9).  Thus,  The  K5 
clone  is  assumed  to  be  a  SPS  genomic  segment  which  encodes  the  near  fiill-length  leaf- 
type  SPS  transcript  except  the  400  bp  sequence  at  3'-end,  while  the  Kl  clone  is  assumed  to 
be  a  fiill-length  SPS  genomic  fi-agment  which  carries  a  coding  stretch  for  the  kernel-type 
transcript. 


I" 


Kl  CGGGGGATCGACGATGGCGGGGAACGAG  16 
Kernel  cDNA   

TGGATCAATGGGTACCTGGAGGCGATCCTCGACAGCCGCACCTCGTCGGGCGGCGGCGGA  7  6 
 GGAGGCGATCCTCGACAGCCGCACCTCGTCGGGCGGCGGCGGA 

GGCGGCGGCGGCGGGGACCCAAGGTCGCCGGTGGCGGGGC— GTCGCCGACGAAGGGGGC  134 
GGCGGCGGCGGCGGGGACCCAAGGTCGCCGGTGGCGGGGGCGGTCGCCGACGAAGGGGGC 

GAGCCCCCGC  144 

GAGCCCCCGCGGCCCGCACATGAACTTCAACCCCTCGCACTACTTCGTCGAGGAGGTGGT 
********** 


74 


B 

Kl  GACG^gGCGGGGAACGAGTGGATCAATGGGTACCTGGAGGCGATCCTCG  47 

Leaf  cDNA  TCCGMfiGCCGGGAACGAGTGGATCAATGGGTACCTGGAGGCGATCCTCG  4  7 
*******  **************************************** 

ACAGCCGCACCTCGTCG  GGCGGCGGCGGAGGCGGCGGCGGCGGGGACCCCAGGTCGC  104 

ACAGCCACACCTCGTCGCGGGGTGCCGGCGGCGGCGGCGGCGGGGGGGACCCAAGGTCGC  107 
******  **********       **  *  ******  ***********  ********  ******* 

CGGTGGCGGGGCGTCGCCGACGAAGGGGCGACCCCCGCC  143 

CGACGAAGGCGGCGAGCCCCCGCGGCGCGCACATGAACTTCAACCCCTCGCACTACTTCG  167 
**     *     **  *        ***     ******  * 


Figure  4-6.  Comparison  of  the  1st  exonic  sequences  of  the  Kl  clone  with  SPS  cDNAs. 

A,  comparisons  of  the  1st  exonic  sequences  of  the  Kl  clone  with  the  kernel  SPS  cDNA 
sequences. 

B,  comparison  of  the  1  st  exonic  sequences  of  the  K 1  clone  with  the  Worrell  et  al.  's  ( 1 99 1 )  - 
leaf  SPS  cDNA  sequences. 

The  start  codon  of  translation  is  double  underlined. 

*  indicates  sequence  identity.  Dotted  line  (-)  was  introduced  to  optimize  the  alignment. 
Nuceotides  are  numbered  by  assigning  +1  to  the  translation  initiation  site. 
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A 

Kl  GGAACATGGCGACACCGATCATGAGGAGATGCTATCT  -196 

Kernel  cDNA  GGAACATGGCGACACCGATCATGAGGAGATGCTATCT  -196 

************************************* 

GGATTACACAAGACTGTGATCGTCCGGGGTGTCACCGAGAAAGGTTCGGAAGGGCTGCTG  -136 

GGATTACACAAGACTGTGATCGTCCGGGGTGTCACCGAGAAAGGTTCGGAAGGGCTGCTG  -136 
★****★*******+***************♦****+****+******************** 

AGGAGCCCAGGAAGCTACAAGAAGGACGACGTCGTGCCGTCTGAGACCCCCTTGGCTGCG  -76 
AGGAGCCCAGGAAGCTACAAGAAGGACGACGTCGTGCCGTCTGAGACCCCCTTGGCTGCG  -76 

TACACGACTGGT6AGATGAAGGCCGATGAGATCATGCGAGCTCTGAAACAAGTCTCCAAG  - 1 6 
TACACGACTGGTGAGATGAAGGCCGATGAGATCATGCGAGCTCTGAAACAAGTCTCCAAG  - 1 6 

ACTTCCAGCGGCATGTGAATTAGCTGCTGGGAAAGGTCGATCTCTAATATATTCTTr.TTG  4  5 
ACTTCCAGCGGCATGl^ATTAGCTGCTGGGAAAGGTCGATCTCTAATATATTCTTCTTG  4  5 

TTCATAACTCAAACGGCAGACACATTTTCTCCTTTTCTTCACTAGTACTACATAAATAAC  105 

TTCATAACTCAAACGGCAGACACATTTTCTCCTTTTCTTCACTAGTACTACATAAATAAC  105 
********************+*♦*******•*********************♦******** 

TTGTGAACAGCACCGAGGGTGTATATATTGCAGTGACAAATAACTAGGACACTGCTAATT  165 

TTGTGAACAGCACCGAGGGTGTATATATTGCAGGGACAAATAACTAGGACACTGCTAATT  165 
*****  +  *********************♦*****.  ■^^r^r^,i,^,^r^,■^,^,^,^,i,^,^,^,^,^,^,^r^^,^,^^^^ 

Kl  CTACTGCTGGCTCACCACTG  185 

Kernel  cDNA  CT  167 

** 


Figure  4-7.  Comparison  of  the  last  exonic  sequences  of  the  Kl  with  SPS  cDNAs. 

A,  comparison  of  the  last  exonic  sequences  of  the  Kl  clone  with  the  kernel  SPS  cDNA 
sequences. 

B,  comparison  of  the  last  exonic  sequences  of  the  Kl  with  the  Worrell  et  al.'s  (1991)  leaf 
SPS  cDNA  sequences. 

The  stop  codon  of  translation  is  double  underlined. 

*  indicates  sequence  identity.  Dotted  line  (~)  was  introduced  to  optimize  the  alignment. 
Nuceotides  are  numbered  by  assigning  +1  to  the  translation  stop  site. 


B 

Leaf  cDNA  GATCTAGAGGAGATGCTATCCGGGCTACACAAGACCGTGATCGTCCGTGGCGTCA-1 69 

****     ************+*  **     **********  ***********  **  **** 
Kl  GATCATGAGGAGATGCTATCTGGATTACACAAGACTGTGATCGTCCGGGGTGTCA- 169 


CCGAGAAGGGTTCGGAAGCACTGGTGAGGAGCCCAGGAAGCTACAAGAGGGACGATGTCGTCCCGTCTGA  - 9  9 
*******  **********     ♦**  ************************  ******  *****  ******** 

CCGAGAAAGGTTCGGAAGGGCTGCTGAGGAGCCCAGGAAGCTACAAGAAGGACGACGTCGTGCCGTCTGA  -  9  9 


GACCCCCTTGGCTGCGTACACGACTGGTGAGCTGAAGGCCGACGAGATCATGCGGGCTCTGAAGCAAGTC  -22 
*******************************  **********  ***********  ********  ****** 

GACCCCCTTGGCTGCGTACACGACTGGTGAGATGAAGGCCGATGAGATCATGCGAGCTCTGAAACAAGTC  -22 

TCCAAGACTTCCAGCGGCATGTGAATTTGATG  CTTCTTTT  19 

***************************  *  **  ******  ^ 

TCCAAGACTTCCAGCGGCATGTGAATTAGCTGCTGGGAAAGGTCGATCTCTAATATATTCTTCTTGTTCA  4  9 


 ACATTTTGTCCTTTTCTTCACTGCTAT  ATAAAATAAGTTGTGAACAGTAC  69 

*******  **************     **         *****     *  ************* 

TAACTCAAACGGCAGACACATTTTCTCCTTTTCTTCACTAGTACTACATAAATAAC-TTGTGAACAGTAC  118 

CGCGGGTGTGTATATATATATTGCAGTGACAAATAAAACAGGACACTGCTAACTATACTGGTGAATATAC  139 
**  *****     *****        *****************       *************  *  *****  **     *  * 

CGAGGGTG — TATAT  ATTGCAGTGACAAATAACT-AGGACACTGCTAATTCTACTGCTGGCTCACC  202 


GACTGT  CAAGATTGTATGCTAAGTACTCCATTTCTCAATGTATCAATCG  188 

*****  ***********  **     **  *******  *  *  * 

-ACTGTCTTGGTGAGATGTAGCCCTACAAGATTGTATACTGTGT  ATTTCTCTAGTCGCAGCTAG  265 


Figure  4-7-continued. 
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K5  ACGGTAGAGTT  -45  ' 

Leaf  cDNA  ACGGTAGAGTT  -48 

CCGGCCGGGCGCGCGGGAGAGGAGGAGG-TCGGG— GGGAGGATCCGATGGCCGGGAACG  13 

CCGGCCGGGCGCGCGGGAGAGGAGGAGGGTCGGGCGGGGAGGATCCGATGGCCGGGAACG  13 
*+** ♦**♦**♦******♦*♦♦****•♦* *  *****  ************************ 

AGTGGATCAATGGGTACCTGGAGGCGATCCTCGACAGCCACACCTCGTCGCGGGGTGCCG  73 
AGTGGATCAATGGGTACCTGGAGGCGATCCTCGACAGCCACACCTCGTCGCGGGGTGCCG  73 

***********************************************************■),  ,.  i 

GCGGCGGCGGCGGCGGCGGGGACCCCAGGTCGCCGACGAAGGCGGCGAGCCCCCGCGGCG  133 

GCGGCGGCGGCGGCGGGGGGGACCCCAGGTCGCCGACGAAGGCGGCGAGCCCCCGCGGCG  133 
****************  ******************************************* 

CGCACATGAACTTCAACCCCTCTCACTACTTCGTCGAGGAGGTGGTCAAGGGCGTCGACG  193 

CGCACATGAACTTCAACCCCTCGCACTACTTCGTCGAGGAGGTGGTCAAGGGCGTCGACG  193 
**********************  ************************************* 

AGAGCGACCTCCACCGGACGTGGATCAAGGTCGTCGCCACCCGCAACGCCCGCGAGCGCA  253 
AGAGCGACCTCCACCGGACGTGGATCAAGGTCGTCGCCACCCGCAACGCCCGCGAGCGCA  253 

******************************^,^,^,*^,^,^,^,^,^,^,^,^^^^,^,^,^,^^,^,i,^^,^^^^,^ 
GCACCAGGCTCGAGAACATGTGCTGGCGGATCTGGCACCTCGCGCGCAAGAAGAAGCAGS  313 

GCACCAGGCTCGAGAACATGTGCTGGCGGATCTGGCACCTCGCGCGCAAGAAGAAGCAGC  313  .    ^ « 

*****************************^,*^,^,^,^,^,^,^,^,^,^^,i,^,^,^,^^^^,^,^,^,^^^^^^^  ,,  -  j, 

TCAGGGTTTCGCGCCCGrrTCTTTCTCGGTTA  345 

TGGAGCTGGAGGGCATCCAGAGAATCTCGGCAAGAAGGA      352  .  ■  '"-  '  !  ■'■ 


Figure  4-8.  Comparison  of  the  1st  exon  and  intron  regions  of  the  K5  clone  with  the    " " 
Worrell  et  al.'s  (1991)  leaf  SPS  cDNA. 

The  start  codon  of  translation  is  double  underlined  and  intronic  sequences  are  underlined. 
*  indicates  sequence  identity.  Dotted  line  (--)  was  introduced  to  optimize  the  alignment. 
Nuceotides  are  numbered  by  assigning  +1  to  the  translation  initiation  site. 


Figure  4-9.  Comparison  of  the  last  three  exonic  sequences  of  the  K5  clone  with  the      '  ' 
Worrell  et  al.'s  (1991)  leaf  SPS  cDNA  at  the  3'-end. 

The  start  and  stop  sequences  of  intron  are  double  underlined.  The  stop  codon  of  translation 
and  SauSAI  restriction  site  are  bold-typed. 

*  indicates  sequence  identity.  Gap  was  introduced  to  optimize  the  alignment. 

indicates  the  start  site  of  the  3  Kb  region  of  the  K5  clone  at  the  3'-end,  which  showed  no 
sequence  homology  with  the  Worrell  et  al.'s  (1991)  leaf  cDNA 

The  400  bp  sequence  of  the  Worrell  et  al.'s  (1991)  leaf  SPS  cDNA,  which  was  not  present 
in  the  K5  clone,  is  underlined. 

Dotted  line  (~)  represents  a  part  of  the  3  Kb  region  of  the  K5  clone,  whose  sequence  was  ^ 
not  shown. 
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K5  AGATCAGGACTATCTGATGCACATCAGCCACCGCTGGTCCCATGACGGCGCGAGGCAGA 
*********************************************************** 

Leaf  cDNA    AGATCAGGACTATCTGATGCACATCAGCCACCGCTGGTCCCATGACGGCGCGAGGCAGA  .  A, 

2791 

CCATAGCGAAGCTCATGGGCGCTCAGGACGGTTCAGGCGACGCTGTCGAGCAGGACGTGGCGTCCAGTAA 
**********************♦****+***++**•***+*************+*****+*********** 

CCATAGCGAAGCTCATGGGCGCTCAGGACGGTTCAGGCGACGCTGTCGAGCAGGACGTGGCGTCCAGTAA 

TGCACACTGTGTCGCGTTCCTCATCAAAGACCCCCAAAAGSITAGGGAATTCTTTAATAACACGTGTGCA 
************+***+***+******************* 

TGCACACTGTGTCGCGTTCCTCATCAAAGACCCCCAAAAG2 9 0 1 

TCCTTAATTCCTCCAGTTAAAACCAGTTGCTGTATGAATCTGAATTATGTTTTCCTGCTTAMGTGAAAA 

******* 

2910  GTGAAAA 

CGGTCGATGAGATGAGGGAGCGGCTGAGGATGCGTGGTCTCCGCTGCCACATCATGTACTGCAGGAACTC 
***+*******+******+**♦************************************************ 

CGGTCGATGAGATGAGGGAGCGGCTGAGGATGCGTGGTCTCCGCTGCCACATCATGTACTGCAGGAACTC 

GACAAGGCTTCAGGTTGTCCCTCTGCTAGCATCAAGGTCACAGGCACTCAGglAAGAACATACAGAATCT 
+************************************♦***+****+**** 

GACAAGGCTTCAGGTTGTCCCTCTGCTAGCATCAAGGTCACAGGCACTCAG  3031 
ATCTAACCTGAAAAGCTCTCGTGGAAATTTCTGATAACAAAAGTTGCGAATGTGGATCTGTCTGTAATAA 


CAAATAAAAAAAAAATTCAATTTCMGTATCTTTCCGTGCGCTGGGGCGTATCTGTGGGGAACATGTATC 

******************************************** 

GTATCTTTCCGTGCGCTGGGGCGTATCTGTGGGGAACATGTATC 
Putative  last  exon 

SauSAI 

TGATCATGATACATCTTGTTGCTACCAGGGTGCATGGAGAATTTGGAAAGGTGAGCTTCGTCCAGTATCT 
******-»3081  in  leaf  cDNA 

TGATCACCGGGGAACATGGCGACACCGATCTAGAGGAGATGCTATCCGGGCTACACAAGACCGTGATCGT 

TCTTTCTAAGCTCAGGGTCCTTGGGAACAACCAATCGATCTCCAAACCATAGAATTCCCTTACTGTCCTG 
CGTGGCGTCACCGAGAAGGGTTCGGAAGCACTGGTGAGGAGCCCAGGAAGCTACAAGAGGGACGATGTCG 

TCGGAAACATTTGTATTTTTCTGCCTTTTGTTTGATCATATCCTTGATAACCTGAACACCCTTA 
TCCCGTCTGAGACCCCCTTGGCTGCGTACACGACTGGTGAGCTGAAGGCCGACGAGATCATGCG 

TCCTCAACCTGAGCCCTTATGATCTGCTCTTGCAACGTGG  

GGCTCTGAAGCAAGTCTCCAAGACTTCCAGCGGCATGTGAATTTGATGCTTCTTTTACATTTTGTCCTTTTCTTC 


ACTGCTATATAAAATAAGTTGTGAACAGTACCGCGGGTGTGTATATATATATTGCAGTGACAAATAAAACAGGAC 


ACTGCTAACTATACTGGTGAATATACGACTGTCAAGATTGTATGCTAAGTACTCCATTTCTCAATGTATCAATCG 


  K5 

GAATTC  3509     Leaf  cDNA 


Two  3'-end  primers,  SCI  14  and  SCI  1 1  (as  shown  in  Figure  4- IB),  were  utilized 
(see  below)  to  uncover  a  possible  basis  for  the  lack  of  400  base  of  exonic  region  in  the  K5 
clone.  PCR  results,  based  on  the  use  of  these  primers  and  various  DNA  samples  as 
templates,  are  shown  in  Figure  4-10.  PCR  amplification  of  the  genomic  DNA  from  the 
Pioneer  3165  yielded  four  distinct  fragments  (1,200,  750, 380,  and  330  bp)  as  shown  in 
Figure  4-1  OA  (lane  1).  However,  only  the  last  two  fragments  were  specific  to  SPS  as 
deduced  from  their  hybridization  to  the  SPS  3'-end  probes  (Fig.  4-10,  B  and  C,  lane  1). 
The  380  bp  PCR  product  was  the  same  size  as  the  PCR  product  from  the  kernel  SPS 
cDNA  (Fig.  4-lOA,  lane  3),  and  the  330  bp  product  was  the  same  size  as  the  PCR  product 
fi-om  the  Worrell  et  al.'s  (1991)  leaf  SPS  cDNA  (Fig.  4-lOA,  lane  2).  Furthermore,  DNA 
sequences  of  the  380  bp  PCR  product  were  the  same  as  the  kernel  SPS  cDNA  sequences  at 
the  3'-end,  and  sequences  of  the  330  bp  PCR  product  from  the  genomic  DNA  were  the 
same  as  the  Worrell  et  al.'  s  (1991)  leaf  SPS  cDNA  sequences  at  the  3'-end.  Therefore, 
originally  there  was  no  intron  in  the  extreme  3'  region  of  the  maize  SPS  gene  encoding  the 
leaf  SPS  transcript.  There  was  also  a  Sau3AI  restriction  site  at  the  3 'end  of  the  K5  clone 
where  the  sequence  identity  between  the  K5  clone  and  the  leaf  SPS  cDNA  stopped  (Fig. 
4-9);  the  restriction  enzyme,  Sau3AI,  was  used  for  digesting  maize  genomic  DNA  for 
library  construction.  Thus,  the  3  Kb  additional  sequence  at  the  3 '-end  of  the  K5  clone  was 
not  an  intron  but  an  unknown  DNA  segment. 
Tissue-specific  expression  of  two  kind  of  SPS  transcripts 

Two  different  SPS  cDNAs  (the  leaf  and  kernel  type)  were  cloned  from  the  cDNA 
library  of  developing  endosperm  (Taliercio  and  Chourey,  unpublished).  Using  RNAs  from 
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various  samples  as  substrates,  and  SCI  1 1  and  SCI  14  as  primers  (Fig.  4- IB),  RT-PCR 
analyses  were  conducted  to  ascertain  if  the  two  kinds  of  SPS  transcripts  exist  in  other 
tissues.  Figure  4-10  shows  the  results  of  RT-PCR  and  subsequent  Southern  blot  analyses.. 
Two  different-sized  RT-PCR  products,  380  bp  and  330  bp,  were  observed  from  the  total 
RNAs  extracted  from  mature  and  young  leaves,  developing  endosperms,  and  developing 
embryos  (Fig.  4-1  OA,  lane  5-8).  The  380  bp  fragment  was  the  same  size  as  the  PCR 
product  of  the  kernel  SPS  cDNA  clone  (Fig.  4-1  OA,  lane  3),  and  the  330  bp  fragment  was 
the  same  size  as  the  PCR  product  of  the  Worrell  et  al.'s  (1991)  leaf  SPS  cDNA  clone  (Fig. 
4-1  OA,  lane  2).  Furthermore,  both  fragments  hybridized  with  the  SPS  3'-specific  probes 
(Fig.  4-1  OB  and  C,  lane  5-8).  Thus,  both  the  leaf  and  the  kernel  SPS  transcripts  were 
expressed  in  all  tissues  examined. 

Figure  4-1 1  represents  Northern  blots  showing  the  tissue-specific  expression  of  the 
leaf  and  the  kernel  SPS  genes.  In  the  leaves  of  mature  plants  and  green  seedlings,  the 
hybridization  signals  of  SPS  transcripts  were  stronger  when  probed  with  the  leaf  type- 
specific  probe  (Fig.  4-1 1  A;  lane  1  and  2)  than  when  the  duplicated  blot  was  probed  with 
the  kernel  type-specific  probe  (Fig.  4-1  IB;  lane  1  and  2).  In  the  basal  part  of  endosperm, 
the  intensity  of  the  hybridization  signal  did  not  change  when  both  the  two  probes  were 
used  separately  (Fig.  4- 1 1  A  and  B;  lane  4).  Thus,  the  leaf  SPS  RNA  was  more 
abundantly  expressed  in  leaf  tissue,  while  both  the  leaf  and  the  kernel  SPS  RNAs  were 
almost  equally  expressed  in  endosperm. 
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Are  there  two  SPS  genes  in  the  maize  genome? 

Hitherto,  no  evidence  of  more  than  one  SPS  gene  has  been  reported  in  the  plant 
kingdom.  The  isolation  and  characterization  of  two  different  SPS  cDNAs  from  maize 
endosperm  (Taliercio  and  Chourey,  unpublished)  suggest  that  there  may  be  two  SPS  genes 
in  maize. 

Four  SPS  genomic  clones  were  isolated  and  classified  into  two  groups  based  on 
restriction  enzyme  maps  (Kl  and  K5  groups).  The  representative  clones  of  these  two 
groups,  Kl  and  K5,  were  further  characterized  by  sequencing  a  part  of  the  cloned  DNA 
inserts.  DNA  sequences  of  the  Kl  clone  at  the  first  and  last  exons,  were  identical  with  the 
kernel  SPS  cDNA  sequences  except  for  two  base  deletion  (Fig.  4-6  and  4-7).  The  exonic 
sequences  of  the  K5  clone  were  identical  with  the  Worrell  et  al.'s  (1991)  leaf  SPS  cDNA 
sequences,  except  for  two  basepair  mismatches  and  three  base  deletion  in  the  first  exon. 
The  sequence  mismatches  were  probably  due  to  the  different  genetic  backgrounds  of 
stocks  used  in  the  preparation  of  libraries  (the  genomic  library  was  fi-om  B73  stock,  while 
the  cDNA  library  was  constructed  fi-om  Pioneer  3 165  stock)  or  due  to  sequencing  errors. 
Two  bp  deletion  in  the  reading  frame  of  the  Kl  clone  (Fig.  4-6A)  was  probably  caused  by 
sequencing  errors  because  only  one  strand  of  the  Kl  clone  was  sequenced.  Thus,  the  Kl 
and  K5  clones  are  considered  to  represent  two  non-allelic  SPS  genes  in  the  maize  genome. 
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Expression  of  two  kinds  of  SPS  transcripts 

By  RT-PCR  (Fig.  4-10),  both  the  leaf  and  kernel  type  SPS  RNAs  were  detected  in 
the  leaves  of  mature  and  young  green  plants,  developing  endosperms,  and  developing 
embryos.  However,  the  abundance  of  these  transcripts  depended  on  tissue  type.  The  leaf- 
specific  transcript  was  in  a  greater  steady  state  level  in  leaf  than  in  endosperm,  and  vice- 
versa  (Fig.  4-11).  Thus,  the  two  SPS  genes  were  tissue-specifically  expressed,  at  least  at 
the  RNA  level. 

A  molecular  basis  for  the  reduced  size  of  the  SPS  transcript  in  endosperm  relative 
to  the  leaf  SPS  transcripts,  remains  to  be  analyzed.  It  is  possible  that  tissue-specific 
change  of  the  transcription  initiation  site  or  the  post-transcriptional  processing  may  be 
involved  in  the  size  difference  of  SPS  transcripts. 
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CHAPTERS 
SUMMARY 

The  steady  state  level  of  SPS  transcript  in  maize  leaves  was  regulated  by 
developmental  stages  and  light/dark  treatments.  The  level  of  SPS  RNA  in  mature  leaves 
was  approximately  ten  times  higher  than  in  the  leaves  of  seven  day  old  green  seedlings. 
The  level  of  SPS  RNA  in  leaf  tissue  was  regulated  by  prolonged  light/dark  treatments  as 
well  as  by  diurnal  cycles.  Light  treatments  resulted  in  a  time-dependent  increase  in  the 
level  of  SPS  RNA,  whereas  dark  treatments  resulted  in  the  opposite  effect.  Diurnal 
changes  in  the  steady  state  levels  were  mainly  due  to  light/dark  transition,  and  not  due  to  a 
circadian  clock.  The  SPS  transcript  was  rapidly  induced  in  the  greening  process  of 
etiolated  seedlings.  Light  was  essential  for  induction  of  SPS  expression  in  the  greening 
process;  sugars  could  not  replace  light  at  least  in  the  induction  of  the  3.5  Kb  SPS  RNA 
from  etiolated  seedlings.  It  is  supposed  that  light  induces  photosynthetic  competence  and 
SPS  expression  in  greening  process. 

A  -2.9  Kb  SPS  transcript  was  observed  in  etiolated  seedlings,  cell  suspension 
culture,  anaerobically  treated  seedlings,  and  a  line  of  high  chlorophyll  fluorescent  (hcf) 
mutant  seedlings.  This  transcript  did  not  have  a  poly(A)  tail,  and  it  was  induced  by 
abnormal  environmental  stresses  as  well  as  dysfunctional  photosynthesis.  The 
significance  of  this  observation  is  not  known. 
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The  level  of  SPS  protein  was  regulated  by  developmental  stages.  Mature  leaves 
showed  approximately  twice  the  level  of  SPS  protein  than  did  green  seedlings.  SPS 
protein  was  induced  during  the  greening  of  etiolated  seedlings.  However,  light/dark 
treatments  showed  little  effect  on  the  steady  state  level  of  SPS  protein  in  leaves,  similar  to 
other  observations  in  maize  (Bruneau  et  al.,  1991),  and  in  spinach  (Klein  et  al.,  1993). 

SPS  enzyme  activity  was  also  regulated  by  developmental  stages  and  light/dark 
treatments.  SPS  activity  in  mature  leaves  was  higher  than  in  young  leaves.  The 
biochemical  mode  of  changes  in  SPS  activity  due  to  light/dark  treatments  are  well 
analyzed  in  maize  (Huber  and  Ruber,  1991).  The  enzyme  exists  in  phosphorylated  or 
dephosphorylated  forms,  the  latter  being  the  more  active  form  in  light-adapted  plants.  SPS 
activity  in  green  plants  decreased  by  the  dark  treatments  and  SPS  activity  increased  in 
greening  plants  by  the  light  treatments  of  etiolated  seedlings.  Dark  treatments  did  not 
completely  inactivate  SPS  activity.  Presumably,  phosphorylation  of  SPS  by  dark 
treatments  may  not  completely  inactivate  SPS  activity.  Moreover,  SPS  is  also  needed 
during  dark  periods  for  the  utilization  of  temporary  stored  starch  (Ohsugi  and  Huber, 
1987). 

SPS  expression  in  non-photosynthetic  tissues  such  as  developing  endosperm, 
developing  embryo,  and  embryo  in  germinating  seed  was  observed  at  the  RNA,  protein, 
and  enzyme  activity  levels.  SPS  expression  in  developing  endosperm  was  predominantly 
detected  in  the  basal  1/3  part  of  endosperm.  These  data  confirmed  the  previous  detection 
of  SPS  transcript  and  protein  in  endosperm  by  Choureyetal.  (1993).  The  SPS  RNA  in 
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endosperm  was  slightly  smaller  than  that  in  leaves,  but  the  size  of  SPS  protein  in 
endosperm  was  similar  to  the  SPS  protein  in  leaf.  The  SPS  activity  in  the  basal  part  of 
endosperm  was  higher  than  in  mature  leaf  The  localization  of  SPS  expression  in  the 
basal  endosperm  cells  raises  the  possibility  that  the  SPS  may  be  engaged  in  the  resynthesis 
of  sucrose  in  this  region. 

Substantial  levels  of  SPS  activity  and  protein  were  observed  in  embryos  of 
developing  and  germinating  kernels.  The  levels  of  SPS  enzyme  activities  in  both  types  of 
embryos  were  similar  to  that  in  the  basal  part  of  endosperm  when  expressed  in  terms  of 
gFW.  The  levels  of  detectable  SPS  protein  in  embryos  were  approximately  five  times 
lower  than  in  endosperm  or  leaf,  presumably  due  to  its  greater  susceptibility  to 
degradation.  Despite  significant  levels  of  SPS  protein  and  enzyme  activity,  the  levels  of 
SPS  transcripts  in  embryos  were  very  low.  It  was  only  detectable  by  the  more  sensitive 
assays  -RT-PCR  or  Northern  blot  analyses  of  highly  concentrated  poly(A)  RNA.  These 
observations  imply  that  SPS  in  embryos  may  be  regulated  in  a  different  fashion  from  the 
SPS  in  leaf  and  endosperm.  Furthermore,  the  efficiency  of  SPS  translation  and/or  protein 
stability  in  embryos  might  be  much  higher  than  in  leaf  and  endosperm. 

Genomic  Southern  blot  data  showed  that  SPS  in  maize  belongs  to  a  single  gene  or 
small  gene  family.  However,  sequence  comparison  of  two  previously  cloned  SPS  cDNAs 
isolated  from  maize  endosperm  (Taliercio  and  Chourey,  unpublished)  are  not  in  agreement 
with  the  possibility  of  a  single  SPS  gene.  Although  the  two  cDNA  clones  share  high 
sequence  identity  (77%),  there  are  many  basepair  mismatches  as  well.  Thus,  I  decided  to 
isolate  the  SPS  genomic  clones  that  might  be  representative  of  the  two  types  of  SPS 
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RNAs.  \ 

Two  groups  of  SPS  genomic  clones,  Kl  and  K5,  were  isolated.  They  were 
separable  by  distinctive  restriction  maps.  Partial  sequence  analyses  at  the  5'-end,  the  first 
and  the  last  exon  regions,  showed  that  the  Kl  clone  encoded  the  kernel  SPS  RNA,  whereas 
the  K5  clone  encoded  the  leaf  SPS  RNA. 

Both  the  leaf  and  the  kernel  SPS  RNAs  were  expressed  in  mature  leaves,  green 
seedlings,  developing  endosperms,  and  developing  embryos.  The  level  of  the  leaf  SPS 
RNA  was  much  higher  in  leaves  than  in  endosperms.  The  kernel  SPS  RNA  was  more 
abundant  in  endosperm  than  in  leaves  of  mature  plants  and  green  seedlings. 
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